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Abstract
Over recent years there has been an increase of the number of secure supermassive black hole
(SMBH) detections. These SMBH measurements have lead astronomers to establish well-
defined empirical relationships between the SMBH mass and some of the properties of the
host galaxy. The number of galaxies with SMBH mass measurements is currently limited to
about 100. One approach of expanding the study of the SMBH is to use the empirical relations
for estimating Mbh for larger samples of galaxies. The investigation of the SMBH population
(or SMBH mass function) for large sample of galaxies in the nearby universe has helped to
constrain the SMBH and the galaxy evolution.
Previous estimates of the SMBH mass function at low redshift were produced mainly by
combining the measurements of the galaxy luminosity or velocity function with one of the
SMBH scaling relations. In the first part of the thesis I will present an independent con-
struction of the nearby supermassive black hole mass function by applying the optical Mbh–L
relation onto the Millennium Galaxy Catalogue (MGC).
Additionally, in the second part I will provide photometric analysis of all UKIDSS galaxies
for which SMBH masses have been measured. I will derive composite profiles of brightness,
ellipticity and position angles of each galaxy. I will show that the Sérsic function fits the
brightness profile of the majority of the elliptical galaxies and the bulge of disk galaxies and
I will provide alternative multi-component fits when necessary. Then these photometric pa-
rameters will be used for constructing the Mbh–L relation in the near-IR and to investigate the
Mbh–n relation.
In the third part I will construct the near-IR SMBH mass function for the Galaxy and Mass
Assembly (GAMA) survey. For this purpose I will apply the newly derived Mbh–L relation onto
an elliptical subsample of K-band images. The advantage of this SMBH mass function is that
during the Mbh–L construction I used the same quality images and techniques used on the
GAMA survey. Apart from the Mbh–L relation, the Mbh–σ relation was used as an alternative
approach for a subsample of galaxies for which the velocity dispersions were available. Fur-
thermore, I employed both local SMBH mass functions (MGC & GAMA) for estimating the ρbh
at redshift zero and accounted for the dependence of the total SMBH density on the look-back
time by comparing with semi-analytic SMBH mass functions. Finally, from the ρbh I estimated
the baryon fraction that is locked into SMBHs.
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1
Introduction: Supermassive black holes a
significant galactic component
1.1 Galactic Structure
At the beginning of the previous century astronomers realised that for understanding the
galaxies they had to study their morphological structure, photometric properties and stellar
composition. Historically, the first published galaxy classifications focused on their visual
morphology and galaxies were categorised according to their morphological characteristics.
One of the first systematic classification of galaxies was reported in the Reynolds (1920)
study. Reynolds presented seven classes of spiral galaxies (I-VII) based on the characteristics
of the galaxies which differed from one class to another.
The most famous galaxy classification was accomplished by Hubble. In two separate pub-
lications (Hubble 1922, Hubble 1926) he presented a more detailed study of all the types of
galaxies and separated them in four main categories: elliptical (E), spiral (S), barred spiral
1
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(SB) and irregular (Irr). The elliptical galaxies were then further divided in eight subsam-
ples based on their ellipticity (1− a/b), the spiral galaxies were divided in three subsamples
based on the size of the "bulge" and the shape of the spiral arms. Similar division followed for
the barred spiral subsamples. In subsequent revisions of Hubble Classification (e.g. Hubble
1936, Sandage 1961) the transition galaxy type S0 was added and the spiral subdivisions
were refined.
An independent systematic documentation of galaxies was the Holmberg Classification.
Holmberg (1958) studied the morphology of 300 northern galaxies and introduced four in-
termediate bins in the Hubble spiral classification. Holmberg classification was based on the
nuclear component size and on the symmetry of the arms (Sa, Sb−, Sb+, Sc−, Sc+).
Following these former studies de Vaucouleurs Classification (de Vaucouleurs 1959) sepa-
rated further the spiral galaxies according to the position of where the arm starts: bar/nuclei
(s), tangentially to an annular structure (r) and intermediate situation (rs). Also, he revised
the E-S-Irr sequence and added some additional features such as the external annular struc-
ture (R). Finally, he reported that irregular galaxies are not a distinct morphological type but
interactive systems that have to be studied separately.
Another approach to the study of galactic morphologies, which was introduced in the same
time span as the visual galaxy classification, is the model of the galactic light distribution. The
light distribution or surface brightness of a galaxy can be described with the use of analytic
functions. This technique is more suitable for larger samples of galaxies, is relatively less
dependent on the analysis of each classifier and also provides quantitative measurements of
the galaxies together with the classification.
The first attempt of this method was applied by Reynolds (1913) who modelled the light
distribution of Andromeda. Then Hubble (1930) used Reynolds’ function a step further and
described the light distribution of elliptical galaxies. Hubble’s luminosity distribution law had
the expression form of I/I0 = (r/a+ const)−2 where I0 is the central intensity of the galaxy,
r the radius of the galaxy and a the radius where the surface brightness is one fourth of the
central value.
This technique was modified by de Vaucouleurs (1948) who showed that the light dis-
tribution of elliptical galaxies tends to follow a power-law form of ex p(r1/n) where n = 4.
Patterson (1940) followed by Freeman (1970) discovered that the disk component of a disky
2
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galaxy can also be described by an exponential law ex p(r1/n). Freeman showed that dy-
namically hot stars in galaxies construct spheroidal bulges that have a de Vaucouleurs light
profile (n = 4) while the outer component of the galaxy, the disk, consists of a cold stellar
population where the light distribution follows an exponential function corresponding to a de
Vaucouleurs (n= 1) expression1.
More recently, Caon et al. (1993) stated that if the exponent n is allowed to be free, the
r1/n power-law can describe the light profile of elliptical and lenticular galaxies with higher
accuracy. Furthermore, they showed that the exponent parameter n correlates with the ef-
fective radius and the total luminosity. In addition to the elliptical and lenticular galaxies,
Andredakis et al. (1995) showed that the r1/n power-law with free n can give a better de-
scription of the bulge component in disk galaxies.
Actually, the r1/n profile was first proposed by Sersic (1968) while studying the galaxies
in the southern hemisphere. The Sérsic intensity model is given by:
I(r) = Ieex p[−bn(( rre )
1/n− 1)] (1.1)
where re is the radius that encloses half of the total light, I(r) is the intensity at radius r
and Ie is the intensity at re. The constant bn is derived numerically from the expression
Γ(2n) = 2γ(2n, bn) where Γ(2n) and γ(a, x) are the gamma function and the incomplete
gamma function respectively. The parameter n describes the shape of the light profile and for
the value n = 1 has an exponential shape, n = 4 is the Vaucouleurs profile and n = 0.5 has a
Gaussian shaped profile (Graham & Driver 2005). The fitting technique of analytic functions
helps astronomers to quantify the galactic surface brightness.
1.2 Past research of supermassive black holes
In the early ’60s a new "type" of galaxy was discovered: the quasi stellar object (QSO or
quasar). Initially, quasars were observed in radio wavelengths and it took some years before
astronomers were found to be connected with optical galaxies. As the number of radio quasars
connected with optical sources kept increasing, these objects started to attract the attention of
the astronomical community. The reason was that all of them confirmed an emission excess
1Detailed summaries of the previous century extragalactic classifications are included in the reviews Sersic (1982);
Sandage (2005) and references therein.
3
Chapter 1. Introduction: Supermassive black holes a significant galactic component
in their nucleus which sometimes could even dominate the overall light of the galaxy. What
was even more interesting was that these high luminosities could not be explained with the
known energy conversion processes, especially when that energy was produced in such a
small physical size such as the nucleus of a galaxy. For instance, attempts to explain the extra
flux as a product of thermonuclear reactions showed that only 1% of the quasar energy could
be stellar flux.
The change came in the mid ’60s when theorists associated the energy production with a
gravitational process. Salpeter (1964) was the first to connect this huge release of energy with
the process of mass accretion onto an object. Salpeter related the release of energy with the
growth of a massive object located at the center of a galaxy. The connection of this massive
object with the form of black hole accomplished by Lynden-Bell (1969). Additionally, these
massive objects were connected with clusters of low-mass stars, stellar remnants and brown
dwarfs.
Additionally, observations during this period showed that quasars are more numerous at
higher redshifts compared to the nearby universe. That supported the idea that after the mass
accretion has ended these massive objects should be still there in the center of many nearby
galaxies. Scientists estimated that the energy output measured in the nuclei of active galaxies
is generated through gas accretion into the black hole and since the black hole can only
increase their mass with time, they believed that some inactive galaxies of the nearby galaxies
should still host a a very massive black hole. However before Hubble Space Telescope was
launched, ground based observations were not sufficient to evaluate the form of that mass.
After astronomers predicted that black holes with masses of a million to a few billion
solar masses are the engines that power nuclear activity in quasars, they started looking for
evidence of their existence.
Today, we have evidence for the presence of supermassive black holes (SMBHs) in the cen-
ters of active galactic nuclei (AGN) and inactive galaxies. In the AGN case, SMBHs constitute
the central engines of quasars and AGNs in general, while those in the inactive galaxies seem
to be a relic of past quasar activity. Current observations lend further support to the theory
that AGN galaxies are powered by mass accretion onto central black holes, which after the
luminous phase of the host galaxies, when the nuclear gas has been swallowed or dispersed
and the accretion process has stopped, the SMBHs continue to exist as relics having obtained
4
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(a)
(b)
Figure 1.1: NGC4486 or M87 as observed by UKIRT. NGC4486 jet is visible in most wavelength and it
is believed to be formed by matter ejected from the galaxy by a SMBH.
their final mass. SMBHs are believed to represent an important ‘component’ in the galaxy
structure throughout the galactic formation and evolution process.
1.3 Methods of SMBH mass measurements
Since the discovery of these massive objects, measurements of different SMBH masses have
been made, finding SMBH with masses from 105M to 3×109M. This Section presents some
of the methods which can be used to derive SMBH masses for active and inactive galaxies.
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Figure 1.2: The orbits of 20 stars around the SMBH hosted in the center of the Milky Way. Figure
taken (with the author’s permission) from Genzel et al. (2010)
1.3.1 Sgr A∗
Whether the Milky Way has a high concentration of mass at the Galactic Center, and how the
form of that mass is structured, has been the subject of studies in the last 20 years. Optical
observations of the Milky Way center are not possible due to dust absorption. However, the
infrared (IR) data showed the existence of a high density area in the center of the galaxy
which is also a weak radio source named Sgr A∗. This nuclear mass distribution has been
determined with different methods such as studying the dynamics of the stars, measuring the
gas motion or determining the three dimensional Keplerian orbits in infrared wavelengths
(Ghez et al. 2008). One of the most accurate measurements was published by Gillessen et al.
(2009) who studied the orbit of more than 100 stars for 16 years around this source (one of
the stars has already completed a full orbit of 15 years; See Figure 1.2). They measured that
the central mass of the SMBH equals (4.3± 0.3)106M for a distance of 0.0083Mpc.
Mapping the proper motion of stars orbiting the Galactic Center provides the most ac-
curate Mbh measurement, but unfortunately it can be applied only to the Milky Way center
because of the necessity of high resolution telescopes.
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1.3.2 SMBH mass measurements at low redshift
The detection of the SMBH at the center of inactive galaxies is performed by studying the
motion of the surrounding objects influenced by the strong SMBH gravitational field. These
methods of Mbh measurement are named "direct" dynamical and they form the basis of some
empirical relations between the Mbh and the galactic properties (see Section 1.4). The first
Mbh measurements of bright elliptical galaxies were determined from stellar velocity mea-
surements made with ground-based telescopes (Dressler 1989). After the launch of HST,
stellar dynamics measurements have become the most used method. This second method,
i.e. stellar dynamics, combines HST spectroscopy with ground based telescope observations
in an attempt to model the kinematics of stars and to project their orbits (e.g. Gebhardt et al.
2003). In addition to optical data, using the near-IR integral-field spectrograph SINFONI we
can detect Mbh in dust-obscured galaxies at a spatial resolution close to that of the HST.
The third direct method, i.e. gas dynamics, observes the emitted spectrum of the gas
cloud surrounding the SMBH and that participates in Keplerian rotation in a disklike structure.
SMBH detection using gas dynamics , similarly to using stellar dynamics, relies on HST data
to resolve nuclear disks of dust and ionised gas. The main concern about this method is the
possibility of gas acceleration by non-gravitational forces like radiation pressure, winds or
magnetic fields.
The fourth method, i.e water megamaser, that also studies the gas kinematics focusses on
the water vapor emission at 1.3 cm (22 GHz) detected in galaxies with active nuclei. Water
megamaser method takes measurements of gas accretion disks around central black holes
for radii smaller than 1pc. This method has been applied only in a few cases because of
some practical limitations (e.g. the gas accretion disk has to be edge-on). Two of the most
well studied galaxies are the Seyfert 2 galaxy NGC4258 (Miyoshi et al. 1995) and the LINER
galaxy Mrk 1419 (NGC 2960) (Henkel et al. 2002). The Water megamaser method’s main
advantage is that it can observe highly detailed structure, like in the case of NGC4258 where
it demonstrated that the maser spots track a thin (< 0.003 pc), nearly edge-on annulus with
radius of 0.13 - 0.26 pc.
The fifth method, i.e reverberation mapping, is exploited by measuring SMBH masses in
the center of AGN where the bright emission of the core outshines the light from the host
galaxy. This AGN light can even prevent the detection of any stellar emission in the case of
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bright QSOs. In these cases "indirect" mass estimation is performed, based on measurements
of emission lines from the Broad Line Region (BLR) which are observed in a region that covers
less than a parsec around the central source. Assuming that the SMBH’s gravitational potential
dominates the kinematics of the broad-line emitted gas the SMBH mass can be measured:
Mbh =
f RBLRσ
2
G
(1.2)
where the radius R of the BLR can be estimated from the time delays between emission
changes in the continuum and in the broad emission lines. The velocity σ of the gas can
be measured from the FWHM of the emission lines. The f factor depends on the geometry
and the kinematics of the BLR and G is the gravitational constant. The Mbh derived from
reverberation mapping are subject to systematic uncertainties because of the unknown factor
f . The measurements derived from reverberation mapping are usually normalised against the
Mbh–σ correlation of inactive galaxies (Onken et al. 2004; see Section 1.4.3). The best way
of testing the reverberation mapped masses would be direct comparison with Mbh measure-
ments derived with "direct" methods. Unfortunately, there are only two galaxies (NGC3227 &
NGC4151) that satisfy these criteria (Gebhardt et al. 2000b; Peterson et al. 2004).
The main disadvantage for almost all these methods is that they can rarely reach closer
than several million Schwarzschild radii2. So even if they can measure a high concentration
of mass, the measured central densities are far lower than needed to conclude that the mass
is indeed collapsed into a SMBH and not to a compact stellar nucleus (Ferrarese et al. 2006a).
Only for a small number of galaxies we do have safe results.
1.4 Empirical correlation
As the above described methods were developing further, the number of accurate Mbh mea-
surements from inactive and active galaxies in the local Universe was rapidly increasing. Such
measurements resulted in the discovery of the correlation between the SMBH mass and sev-
eral different properties of its host galaxy (See Figure 1.4). Some of these properties are:
1. Stellar velocity dispersion
2. Spheroid luminosity
2The radius of the spherical surface of a non-rotating black hole referred also as event of horizon.
8
1.4. Empirical correlation
3. Bulge mass
4. Galaxy light concentration
5. The Sérsic Index of the surface brightness profile
6. The inner core radius
7. Spiral arm pitch angle
8. Mass of the surrounding dark matter halo
9. Mass Deficits in Elliptical Galaxies with Cores
Using the Mbh measurements and establishing accurate scaling relations have been bene-
ficial for two reasons: firstly to understand the physical basis as to why these relations exist
and secondly to provide a convenient means for predicting SMBH masses for large sample
of galaxies. However, It is not yet understood how these relations were set nor if they are
maintained throughout galaxy evolution. Their validity have been explored for a variety of
cases such as for dwarf galaxies with intermediate mass black holes (IMBHs) (Barth et al.
2005; See Section 1.4.7), Seyfert galaxies at z = 0.36 (Woo et al. 2006), bulge-less galaxies
(Greene et al. 2008) and their evolution with redshift has been tested (Shankar et al. 2009a;
See Section 1.4.8).
1.4.1 SMBH mass - Spheroid luminosity relation
First, Kormendy & Richstone (1995) reviewed SMBH mass determinations for a sample of 8
local galaxies and introduced the SMBH mass (Mbh) - luminosity (L) relation. Since this time,
the Mbh–L correlation has been investigated by a number of groups from optical to near-IR
passbands.
Particularly, in an attempt to reduce the scatter of the correlation Ferrarese & Merritt
(2000) focused on the separation of 30 SMBH mass measurements in two subsamples, based
on the sphere of influence that the SMBH mass has resolved, while Kormendy et al. (2000)
found that the Mbh–L relation has smaller intrinsic scatter if we use the spheroid luminosity
3
instead of the total luminosity.
3The spheroid component consists of the entire galaxy for elliptical galaxies and only the bulge for disk galaxies
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A year later Kormendy & Gebhardt (2001) updated the above B-band relations based on
the spheroid luminosity of 37 galaxies, while McLure & Dunlop (2002) tried to reduce the
intrinsic scatter on the Mbh–L relation by excluding disk galaxies from the sample and using
only 18 elliptical galaxies, which reduced the scatter significantly to 0.33dex.
The first estimation of the Mbh–L relation in the near-IR was established by Marconi &
Hunt (2003) using three-band images from the Two Micron All Sky Survey (2MASS)4 for a
sample of 37 early- and late-type galaxies. The intrinsic scatter of their correlation ranges
from ∼0.5dex to ∼0.3dex depending on the subsample selection. Graham (2007) refined the
Marconi & Hunt (2003) Mbh–L relation by using updated Mbh measurements and modifying
the photometry of the data set. For the first time the level of scatter in the near-IR relation
was getting closer to the other existing correlations: Mbh–σ (See Section 1.4.3) with 0.34dex
(Tremaine et al. 2002) and the Mbh–n (See Section 1.4.5) with 0.31dex (Graham et al. 2001).
Measuring Spheroid Luminosities
The near-IR correlations appear to be better constricted than in the optical passbands, likely
because the near-IR wavelength is a better tracer of mass than B-band magnitudes. Near-IR
bands are less sensitive to the disk component in spiral galaxies and are less affected by dust
attenuation. Dust attenuation reduces the overall luminosity observed from a galaxy mainly
by absorbing short-wavelength radiation (UV and optical) and re-emitting at longer wave-
lengths (IR) (Muñoz-Mateos et al. 2009). It also results in a size and morphology change
of the galaxy (Möllenhoff et al. 2006; Buta et al. 2010). Consequently, because dust atten-
uation is wavelength dependent, any study of the galaxy light profile in optical must apply
attenuation corrections before comparing properties at different wavelengths.
The large degree of scatter in the luminosity relations mostly arises from the difficulties
to identify when a galaxy has a disk and then to measure the bulge luminosity. Attempting
to determine the structure and the luminosity of the bulge, we have to separate it from the
luminosity of any other component like bar, disc and spirals (See Figure 1.3). Bulge/disk
decomposition is a difficult task even with high resolution data and there are many cases of
misclassification of their Hubble type.
A method that has been used by some authors for separating the bulge luminosity from
4Jarrett et al. (2000)
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Figure 1.3: NGC4596 is a Virgo lenticular galaxy. The existence of the strong bar makes difficult to
obtain accurate measurements of the bulge component.
the disc is to use a constant fraction of total galaxy light (i.e., adopt a central B/T ratio). For
example, Ferrarese & Merritt (2000) used the Simien & de Vaucouleurs (1986) relation to
estimate the fraction of total light contained in the bulge as a function of Hubble type (i.e.
a constant B/T adopted for each Hubble type). However, for the Vaucouleurs r1/4 law it has
been proven that it cannot fit the surface brightness profiles of all elliptical galaxies and/or
bulges.
1.4.2 SMBH mass - Spheroid mass relation
Magorrian et al. (1998) presented a correlation between the SMBH mass and the bulge mass
(Mbulge) by examining a sample of 36 spheroids with HST photometry and ground based
telescope spectroscopy. However, Merritt & Ferrarese (2001a) found that Maggorian et al.
masses are overestimated by a factor of ∼ 5. Consequently, Häring & Rix (2004) re-examined
the sample used for the Mbh–Mbulge relation and used only 30 early type galaxies with re-
liable black hole mass estimates. They used Mbulge measurements based on Jeans equation
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modelling or from luminosities and found a linear relation:
log(Mbh/M) = (8.2± 0.1) + (1.12± 0.06)× log(Mbul ge/1011M) (1.3)
with 0.30dex intrinsic scatter. An important conclusion from these studies is that the existence
of a black hole mass - spheroid mass relation implies that a set percentage of the spheroid mass
ends up in the black hole.
However, an independent estimate from Laor (2001) investigated a non-linear form of
the Mbh–Mbulge correlation. Loar pointed out that the fraction of the spheroid mass that
constitutes the SMBH gets smaller for faint bulges.
1.4.3 SMBH mass - Velocity dispersion relation
Bulge magnitude and velocity dispersion are correlated through the Faber-Jackson relation
(L∝ σ4) for elliptical galaxies. Hence, the existence of the Mbh–L relation entails a correla-
tion between Mbh and σ. The first work to show the Mbh–σ correlation came 5 years after
publication of the Mbh–L relation and was published by Gebhardt et al. (2000a). Until then,
there was no reason to prefer σ over the luminosity. However, a change came when Ferrarese
& Merritt (2000) found that the scatter of the Mbh–σ relation depends on the sample selection
and especially on the spatial resolution of the data.
Additionally, Merritt & Ferrarese (2001b) reviewed all previous estimations and showed
that the range of slopes in the literature arises because of systematic differences on the way
of measuring the velocity dispersion. For instance, Gebhardt et al. (2000a) used luminosity
weighted line of sight velocity dispersions inside a radius R, while Ferrarese & Merritt (2000)
used central velocity dispersions normalised to an aperture of radius equal to 1/8 of the galaxy
effective radius.
The form of Mbh–σ relation used up to today was introduced by Tremaine et al. (2002)
who showed that a correlation of the form:
log(Mbh/M) = α+ β log(σ/σ0) (1.4)
where σ0 is a reference value (σ0 = 200km s−1), β the slope and α the intercept.
Finally, Wyithe (2006) noticed that the best fit parameters of the linear Mbh–σ relation are
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sensitive to the galaxy selection. However, they found that a log-quadratic relation is more
resistant to the sample selection.
1.4.4 SMBH mass - Galaxy light concentration
Graham et al. (2001) introduced a tight correlation between the SMBH mass and the concen-
tration of bulge light (C).
Cre(α) =
γ(2n, bnα1/n)
γ(2n, bn)
(1.5)
where C is defined as the ratio of the flux inside the one-third of the half-light radius to
that inside the half-light radius, α = 1/3, n is the shape parameter of the r1/n model. This
expression is a monotonically increasing function of n. The scatter of this relation appears to
be negligible (0.19 dex) only when one uses Mbh derived from galaxies with resolved sphere
of influence.
The Mbh–C and Mbh–L relations have the advantage that they need only imaging data and
not spectroscopic data like the Mbh–σ relation needs. The C however, depends on the light
profile parameter which might not be easy to fit for some galaxies.
1.4.5 SMBH mass - The Sérsic Index n of the surface brightness profile
The quantity n (Sérsic index5) is the inverse exponent from the best-fitting Sérsic r1/n light
profile (Equation (1.1)) and measures the concentration of the stars within the bulge. Graham
& Driver (2007) measured the Sérsic indices for 27 galaxies and initially obtained a linear
Mbh–n relation:
log(Mbh) = (2.69± 0.28) log(n/3) + (7.81± 0.08) (1.6)
with an intrinsic scatter of 0.35 dex. Additionally, they found that the correlation between the
black hole mass and the Sérsic index can be described better with a quadratic relation. Their
best fit is of the form:
log(Mbh) = (7.98± 0.09) + (3.70± 0.46) log(n/3)− (3.10± 0.84)[log(n/3)]2 (1.7)
with intrinsic scatter of 0.18 dex and total scatter of 0.31 dex. They supported the curving
of their Mbh–n relation by commenting that it implies a maximum mass limit to the SMBH
5The Sérsic index is related to the concentration index.
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Figure 1.4: SMBH mass plotted against different galactic properties. Figure taken (with the author’s
permission) from Novak et al. (2006)
mass and therefore does not predict infinitely large SMBH masses as n becomes larger. So the
more concentrated bulges (higher Sérsic index n) have SMBH’s with larger mass till the value
of n = 11.9 where the maximum mass is reached (Mbh ≈ 1.2× 109Modot). This SMBH mass
upper limit is consistent with the masses that have been observed.
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1.4.6 Other correlations between SMBH mass and galactic properties
Based on the tight correlation between the bulge velocity dispersion and the disk circular
velocity Ferrarese (2002) derived a relation between the Mbh and the dark matter halo of the
host galaxy. They argued that dark halo mass can be determined by the disk circular velocity
and that leads to a connection between the SMBH and the halo.
Lauer et al. (2007a) compared the Mbh–L and Mbh–σ relation for a sample of 219 galaxies
with HST photometry. Their result displayed that the Mbh–L relation predicts more massive
SMBH than the Mbh −σ relation when applied to luminous galaxies. Trying to find an inde-
pendent method for predicting SMBH masses, they discovered that cores hosted in brightest
cluster galaxies correlate both with the galaxy luminosity and σ. Cores exist in the center of
most luminous galaxies and are believed to be the result of binary SMBHs created during a
merging process of two galaxies. The binary system expels stars, emptying the center of the
newly formed galaxy and produces the core which can be described by the physical scale, rγ.
Lauer et al. (2007a) supported that the existence of the rγ–σ and rγ–L relations implies
an empirical relation between the rγ and Mbh which can be an independent indicator of Mbh.
Based on 11 core galaxies with direct Mbh measurements they derived a linear relation of the
form:
log
 rγ
pc

= (0.83± 0.25) log

Mbh
109M

+ (2.20± 0.10) (1.8)
with large scatter. The black hole masses estimated with the equation 1.8 are consistent
with Mbh–L relation results. This can be explained based on the luminosity of the newly
merged galaxy being the sum of the luminosity of the two progenitors. However, the newly
formed galaxy will have a smaller velocity dispersion than the sum of the two previous velocity
dispersions.
Kormendy & Bender (2009) studied further this core structure and measured the light
deficits of the core area. They assumed that if stars had not been removed during the SMBH
merging process the overall light profile of the elliptical galaxies would be able to be fitted
with a single Sérsic index. They determined the missing light and converted this to mass
deficits. Based on the sample of 11 galaxies they showed that the missing luminosity or mass
is correlated with the Mbh.
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Seigar et al. (2008) presented a relation between spiral pitch angle (P) and the mass of
the SMBH. The spiral pitch angle is a measure of the tightness of spiral structure. Using 22
spiral galaxies galaxies with only (P < 380) they found that the smallest pitch angle galaxies
have the largest bulges and consequently they have more massive SMBH. They expressed this
linear relation with the following expression:
log Mbh = (8.44± 0.10)− (0.76± 0.05)P (1.9)
Something to notice about this correlation is that it can change sharply by including galaxies
with (P > 380) and/or galaxies with small bulges or no bulge at all.
1.4.7 Intermediate mass black holes and pseudobulges
Another aspect of the Mbh–L relation is the behaviour at the low luminosity end. Do SMBHs
exist in low-mass galaxies (Merritt et al. 2001) or is there a lower galaxy mass limit at which
we can detect a SMBH? Some exceptionally well studied galaxies (e.g. NGC 4395, POX 52)
were found to host an intermediate black hole with mass < 106M. But how common are
these black holes?
Most of the Mbh that are used today have been obtained from luminous galaxies with L
brighter than the typical L∗ and they do not represent the overall demographics of galaxies.
The first systematic survey of low mass black holes was carried out by Greene & Ho (2004)
who examined the Sloan Digital Sky Survey (SDSS) first data release to find 19 Seyfert 1
galaxies with Mbh below 10
6M. Furthermore, Barth et al. (2005) tested the Mbh–σ relation
at the low mass end by deriving 15 stellar velocity dispersions of Greene & Ho (2004) Seyfert
galaxies with σ < 90 kms−1. With these low σ values they extended the Mbh–σ relation
down to 104M with an intrinsic scatter of 0.57. Additionally, Gallo et al. (2008) found
AGN activity in early-type galaxies with Mgal < 10
10 M, revealing that SMBHs can exist
in low mass galaxies. However, Greene et al. (2010a) concluded that the Mbh–σ cannot be
described by a universal linear relation and galaxies with Mbh < 10
7M may follow a different
correlation.
Likewise, Hu (2009) argued that bulge-less galaxies (or pseudobulges) follow a distinct
relation while Greene et al. (2008) showed that a classical bulge is not necessary in order for
a galaxy to contain a SMBH, a result also supported by Satyapal et al. (2008). Pseudobulges
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are central components of late type galaxies with disk features. Observational and theoretical
results show that there are two kinds of bulges in disc galaxies. The first, classical bulges,
are similar to elliptical galaxies and are believed to be a product of violent relaxation during
major mergers. The other type, the pseudobulges, are physically unrelated to ellipticals, with
structure and kinematics similar to disks. Pseudobulges are believed to have formed via a
distinct formation scenario. For a review of the properties of pseudobulges see Kormendy &
Kennicutt (2004).
Hu (2008) investigated the discrepancy between the Mbh–σ relation for these two types of
bulges and found that pseudobulges follow a distinct Mbh–σ relation. While Kormendy et al.
(2011) showed that pseudobulge properties do not correlate with the mass of their SMBH.
1.4.8 Active galaxies and redshift evolution
Active Galactic Nuclei (AGN) are the antecedent of most local inactive galaxies, studying
the scaling relationship for both active and inactive galaxies can therefore provide important
information about the parallel evolution of black holes and their host galaxies. By exploring
the origin of the scaling relation (Woo et al. 2006; Kim et al. 2008) at high redshift (Peng
et al. 2006), with the use of simulations (Robertson et al. 2006b), and within active galaxies
(McLure & Dunlop 2001; Bettoni et al. 2003; Greene & Ho 2006; Gaskell & Kormendy 2009),
one can study the evolution of SMBHs with time with respect to the spheroid evolution.
One of the first studies that compared the scaling relations of different AGN classes was
Wandel (1999). In their study they found that Seyfert Mbh are smaller than expected from the
local Mbh–Mbulge relation derived form inactive galaxies and from luminous QSOs. However,
contrary to Wandel (1999) result’s, McLure & Dunlop (2001) found no evidence that the Mbh–
Mbulge relation of Seyferts was different to that of QSOs. McLure & Dunlop (2002) supported
further the conservation of the Mbh–Lbulge,σ relations with redshift. Their sample consisted
of 53 quasars (0.1< z < 0.5), 19 Seyfert 1 and 18 inactive galaxies. The fact that QSOs follow
the same relations supports the belief that the host galaxies of powerful quasars are normal
massive ellipticals from the bright end of the elliptical galaxy luminosity function.
Woo et al. (2006) tested further the Mbh–σ correlation at z = 0.36. Their sample consisted
of 14 Seyfert 1 galaxies with high stellar light to AGN light ratio and carefully measured their
stellar velocities. They found that the Mbh–σ relation has an offset compared to the local
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inactive relations. A result confirmed by Salviander et al. (2007) who supported that quasars
up to z ∼ 0.5 may follow the same Mbh–σ relation but the relation appears to evolve for higher
redshift. Finally, Woo et al. (2008) expanded the Woo et al. (2006) study up to z ∼ 0.57
establishing a redshift evolution of the SMBH masses.
On the other hand, Bennert et al. (2010) studied the sample to 103 low, median and
high redshift AGN galaxies and studied the evolution of the Mbh–L relation. Their analysis
showed no evolution of the Mbh–Ltotal relation up to z = 1 but a redshift dependence of the
Mbh/Lspheroid ratio.
Further research of SMBH evolution shows that up to z ∼3 host galaxies at fixed Mbh are
less massive compared to local galaxies (Treu et al. 2007; Jahnke et al. 2009). This indicates
that SMBHs in early-type galaxies have reached their final mass during the very early phases of
galaxy evolution (Ivanov & Alonso-Herrero 2003). As a result the Mbh/Mgal should be larger
compared to the local ratio (Greene et al. 2010b), an outcome confirmed by QSO observations
up to z ∼6 (Walter et al. 2004; Shields et al. 2006; McLeod & Bechtold 2009). However, other
studies argue that this result may arise due to a selection bias (Borys et al. 2005; Alexander
et al. 2008).
Most of the above mentioned studies require accurate Mbh measurements at high red-
shifts for investigating the evolution of the empirical relation with redshift. In section 1.3.2
I presented the Mbh calibration methods of inactive and active galaxies in the nearby uni-
verse. However, most of these methods are not applicable at high redshifts. Currently, the
only method that can be applied on distant galaxies is the virial equation (reverberation map-
ping). Virial mass methods study the Hβ , Mg II and C IV emission lines of high redshift AGNs.
Although the reverberation mapping can be applied to high redshift objects, it is not always
possible to obtain spectra or to identify the emission lines. Calibrating virial masses for active
distant galaxies remains extremely difficult and subject to systematic uncertainties.
An alternative approach of estimating Mbh is based on the empirical correlation related
to the virial masses. The virial Mbh at low redshift has been found to correlate with the
AGN luminosity in different wavelengths. Under the assumption that this empirical Mbh–LAGN
correlation of nearby active galaxies is preserved at high redshifts, the luminosity of distant
quasar can be converted to Mbh. (McLure et al. 2006; Peng et al. 2006). The robustness
of these Mbh measurements is ambiguous and may have resulted in contradictory outcomes
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about the co-evolution of the SMBH - host galaxy correlations.
1.5 Creation and evolution
It is still unclear how SMBHs are created, grown and co-evolve with their host galaxy, but
spectroscopic and photometric data from Hubble Space Telescope (HST) have made it possible
to derive relatively accurate SMBH masses for a small number of nearby galaxies.
We may have models and observations that support the scenario that SMBH have been
grown through accretion and merging but we know very little about the initial condition of
their creation. However, since QSOs have been discovered out to redshift z ∼ 6, the SMBH
formation must have started at z > 6. The two most popular proposed methods of SMBH
creation are :
Stellar mass BHs produced as endpoint of the massive star evolution. Population III
stars would have left back stellar black holes with mass up to a few hundred solar masses.
These stellar black holes, after possible merges, sink to the center of the galaxy because of
dynamical friction where they start accreting gas and form binary systems which eventually
coalesce. After the creation of the initial SMBH seed, the SMBH grows mainly through ac-
cretion while possible major mergers may occur (Volonteri et al. 2003; Tanaka & Haiman
2009).
Direct gravitational collapse of dense protogalactic cores. This model predicts that
massive black hole seeds can be produced at z > 10 with initial mass about 105−6 solar
masses. This method is based on the general idea that gas cools and falls into the central
region and forms a dense disc and potentially can lead to the formation of an intermediate
black hole. After the formation of the seed black hole the galaxy merger process leads to the
observed correlation between SMBH mass and stellar spheroid mass (Koushiappas et al. 2004;
Begelman et al. 2006).
Additional SMBH formation scenarios can be found in Shapiro (2004) and Djorgovski
et al. (2008, and references therein). Some of which are the gravitational collapse of dense
star clusters or the primordial black hole remnants from the big bang. Primordial black hole
remnants have never been observed in the universe and we have no evidence for the existence
of those types of black holes (Bean & Magueijo 2002).
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Figure 1.5: SMBH mass accretion versus redshift for Croton et al. (2006) semi-anaylitic model. Quasar
mode represents the black hole growth through the merging process, while radio mode shows the
increases of the black hole mass through accretion. Figure taken (with the author’s permission) from
Croton et al. (2006)
Independent of the initial formation mechanism, after the central black hole seed has been
created the SMBH will start growing by accreting material rapidly. Additional to the accre-
tion we know through observations that galaxies suffer major mergers during their lifetime.
Models predict that if both merging galaxies contain SMBHs, their SMBH will sink toward
the new galaxy center where they will form a binary system. Finally, the system will collapse
after loosing energy through dynamical friction and SMBHs coalesce rapidly into one (See
Figure 1.5). The models of the merging SMBHs are further supported by the observed de-
pleted cores in luminous early-type galaxies. These cores are believed to have been formed
through star ejection during the merging process, and are characterised mass and light deficit
(Ravindranath et al. 2002; Merritt & Milosavljevic´ 2005). But the merging scenario is in con-
trast with the Cisternas et al. (2011) result showing that the majority of AGN galaxies at low
redshift (0.3< z < 1.0) exhibit no merging features.
Trying to explain the connection of the SMBH mass with the galaxy, different theoretical
models of galaxy-SMBH co-evolution have been created. In summary, it is believed that the
majority of the mass in relic SMBH was produced during the AGN phase of the galaxy, when
luminous AGN were powered by accretion of material onto the SMBH. This accretion process
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eventually created energetic feedback (e.g. jets, radiation) that became sufficient to halt fur-
ther gas infall and truncate further star formation in the surrounding stellar spheroid (Croton
et al. 2006; Somerville 2008). However, some papers also advocate AGN activity as a trigger
for star formation (Silk 2005; Pipino et al. 2009). This interplay between the SMBH and its
surroundings is believed to give rise to correlations between the SMBH mass (Mbh) and a
variety of measurable properties of the host galaxy’s spheroid component.
In summary, these results show that the co-evolution of the SMBHs and spheroids occurs
in such a manner as to preserve these initial correlations to the present time (Robertson et al.
2006a). Recent evidence does, however, suggest that some evolution in the SMBH scaling
relations does happen and so weakens these relations (Shields et al. 2006; Woo et al. 2008;
Shankar et al. 2009a).
1.6 SMBH mass function
Finding the mass function of SMBHs from the active era to the present day can yield impor-
tant clues about the formation and growth of SMBH. In order to improve the understanding
of accretion−evolution of SMBH and the important roll it plays in the evolution of the host
galaxy, we need larger samples of inactive galaxies with determined SMBH mass, stellar ve-
locity dispersion and host galaxy morphology at close distances and at high redshift. Since
the numbers of galaxies with "direct" Mbh measurements are not more than 100 we use the
scaling relations to estimate Mbh for larger samples of galaxies.
Recent attempts in this direction have been made by a number of groups (e.g.,Hopkins
et al. 2006, 2008; Cao & Li 2008; Yu & Lu 2008; Shankar et al. 2009b) leading to signifi-
cant conclusions. Their SMBH mass function construction methods vary, with some of them
convolving the Mbh–L relation with the luminosity function (Salucci et al. 1999), while oth-
ers use the Mbh–σ relation (Aller & Richstone 2002) and some use both (McLure & Dunlop
2004; Shankar et al. 2004). Meanwhile, Tamura et al. (2006) extended the construction of
SMBH mass function up to z = 1 and Tundo et al. (2007) discussed whether L or σ is a better
predictor of SMBH mass functions.
Additionally, the local SMBH mass function discloses information about the AGN history
of the galaxies. If AGNs are a stage of galaxy evolution then it is possible that all the elliptical
and bulge dominant galaxies have gone through at least one active phase. The SMBH mass
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function can be used to constrain the duty cycle (the fraction of active SMBHs to the total
number of SMBH) over redshift and the AGN lifetime6 (Wang & Wei 2008).
Such studies showed that one of the most important constraints that SMBH mass functions
provide is the connection between the integrated mass density and the radiative efficiency of
SMBH accretion. However, the credibility of these studies rests heavily on the robustness with
which the local SMBH mass function has been measured and with which the cosmic AGN
history is known.
1.6.1 The integrated mass density
Soltan (1982) was the first to point out that the accretion history of SMBHs relates to the
luminosity function of the QSOs. A key parameter for this calculation is the radiative efficiency
ε which shows how much of the accreted mass contributes into luminosity:
ε =
L
M˙ c2
(1.10)
where M˙ is the mass accretion rate. One way of estimating the radiative efficiency is by
equating the SMBH mass density (ρbh) at redshift zero with the optical bright QSOs (Yu &
Tremaine 2002) and AGN relics (Marconi et al. 2004). The local ρbh reflects the accreted
material on SMBHs and is an indication of total AGN emission over cosmic time if we assume
that SMBH grow through accretion. Consequently, a robust measurement of the SMBH mass
density in the local universe can be used as a constraint for finding the accreting history of
AGNs.
Accepting that SMBH masses were accumulated by radiative accretion (Salucci et al. 1999)
and not by dark matter accretion (Tanaka & Haiman 2009) we can express the SMBH mass
density in terms of the baryon fraction of the Universe. The baryonic fuelling can explain the
SMBH mass links to the host baryonic galaxy properties such mass and luminosity. Knowing
the baryonic fraction of the total mass-energy density Ωbaryon = 0.046 h
−2
70 (Jarosik et al. 2011)
we can estimate the the baryon fraction locked in the SMBH Ωbh/Ωbaryon of the Universe
baryon inventory7.
6The AGN lifetime lie in the range 106 - 108 years.
7The cosmological density parameter Ωbh = ρbh,0/ρcrit
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1.7 Thesis Outline
The best supporting evidence for a strong connection between galaxy formation and nuclear
activity is the small intrinsic scatter that these scaling relations have. The Mbh–Mbulge, L, n
relations are probably the best guide to SMBH demographics as they become more useful
for larger redshifts (z > 2) compared to the Mbh–σ relation. This occurs because at these
distances velocity dispersion measurements are not possible, while the bulge mass can be
estimated via the measured luminosity. The main benefit of the Mbh–n relation is that it needs
only photometry and not spectroscopic measurements. Moreover, it is not sensitive to distance
uncertainties, it is not affected by kinematical substructure or aperture corrections and it is
easy to acquire in terms of telescope time, also it does not depend on the uncertain mass to
light ratio.
Studies of SMBH demographics of inactive and active galaxies have relied on these rela-
tions. Whatever the right slope of the above relations might be, the negligible scatter (about
0.30 dex) is common to most of these studies. So with these relations we can measure SMBH
masses with 30% accuracy.
Novak et al. (2006), trying to quantify the tightness of the intrinsic correlation of all
the SMBH mass−properties relations that ware available at that time, found that the Mbh–
σ (Merritt & Ferrarese 2001b) and Mbh–C (Graham et al. 2001) are the tightest intrinsic
correlation with the SMBH mass. However, their results depend critically on the assumed
measurement errors (See Figure 1.4).
Within this framework, the local SMBH mass function provides an important observational
tool that constrains the SMBH growth and galaxy evolution. The work presented in this thesis
is primarily the construction of an independent nearby SMBH mass function by applying the
Mbh–L relation onto the Millennium Galaxy Catalogue (Liske et al. 2003; Driver et al. 2005;
Chapter 3) and the Galaxy and Mass Assembly (GAMA) survey (Driver et al. 2009; Chap-
ter 6). Apart from the Mbh–L relation, the Mbh–σ relation is used as an alternative approach
for a subsample of galaxies for which the velocity dispersions are available. Furthermore, I
employ the local SMBH mass function to estimate the ρbh at redshift zero and account for the
dependence of the total SMBH density on the look-back time by comparing with semi-analytic
SMBH mass functions. Finally, from the ρbh I estimate the baryon fraction that is locked into
SMBHs.
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Chapter 2 provides relevant information regarding the surveys utilised in this thesis. Chap-
ter 4 provides the photometric analysis of the galaxies used for constructing the Mbh–L, n rela-
tions. The work described in Chapter 5 is the development of the Mbh–L, n relations using the
same quality images and techniques used on the GAMA survey. Finally, Chapter 7 summarises
the main results and presents an overview of the research that can accomplished based on the
findings of this thesis.
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Surveys
In order to construct the supermassive black hole mass function in the local universe I used
datasets from two surveys: the Millennium Galaxy Catalogue (MGC) and the Galaxy and Mass
Assembly (GAMA). For the construction of the Mbh–n and Mbh–L relations the photometric
parameters, i.e. luminosity and Sérsic index, were derived from the photometric analysis of
UKIDSS images . In this chapter I will give a brief description of these surveys.
2.1 The Millennium Galaxy Catalogue
The Millennium Galaxy Catalogue (MGC; Liske et al. 2003) is a medium-deep survey (µlim =
26 mag arcsec−2) covering a wide region of sky (37.5 deg2) in the B-band (4407 Å). The
survey extends 75 deg along the equator (from 9h 58m to 14h 47m). The data frames were
obtained using the 4-CCD mosaic Wide Field Camera on the 2.5-m Isaac Newton Telescope.
Each CCD has a pixel scale of 0.333 arcsec pixel−1. The data were taken with a median seeing
FWHM = 1.3′′.
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Using the SEXTRACTOR package (Bertin & Arnouts, 1996) a catalogue was derived con-
taining over one million objects in the range 16 ≤ BMGC < 24 mag. Initially, two catalogues
were defined: MGC-BRIGHT which includes all galaxies with B < 20 mag and MGC-FAINT
containing the rest. For further details on the MGC imaging data and its analysis see Liske
et al. (2003). MGC-BRIGHT is comprised of 10095 resolved galaxies and has 96 per cent
complete redshift information (Driver et al. 2005). This sample was decomposed into bulges
and discs with GIM2D using an R1/n Sérsic profile for bulges and an exponential profile for
discs (Allen et al. 2006). The robustness of the decomposition process has been verified using
duplicate observations (Allen et al. 2006) and by using extensive simulations (Cameron et al.
2009). All data and data products used in this paper are freely available.1
2.2 UKIRT Infrared Deep Sky Survey
UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007) aims to map a large area
of the northern sky by covering more than 7000 deg2. The UKIDSS project is separated into
five main surveys each with different depth. The images used for the scope of this thesis are
part of the Large Area Survey (LAS). The LAS sky region is divided into three blocks, the
"equatorial block" (1907.6 deg2; −36.250 < η <−16.250; −600 < λ <+530)2, the "northern
block" (1907.6 deg2; +6.250 < η < +26.250; −600 < λ < +530) and the "southern stripe"
(212.5 deg2; −250 < RA < +600; −1.250 < Dec < +1.250). The LAS sky area covers the
GAMA and MGC fields.
In total the LAS observations will eventually cover an area of 4000 deg2 in four near in-
frared bands (Y ∼ 1.03µm; J ∼ 1.25µm; H ∼ 1.63µm; K ∼ 2.2µm) and produce a catalogue
of half a million galaxies. The depth of each passband is Y = 20.3, J = 19.8, H = 18.6 and
K = 18.4 in Vega magnitudes. The data were taken with a median seeing FWHM < 1.2′′.
The survey instrument is the Wide Field Infrared Camera (WFCAM) (Casali et al. 2007)
on the 3.8-m United Kingdom Infra-red Telescope (UKIRT) at latitude 200. The camera has
four HgCdTe Rockwell detectors and each detector has 2048x2048 pixels with a pixel scale of
0.4 arcsec pixel−1, a gain of 4.5 e−/ADU and a read noise of 25 ADU. The detectors are placed
in a square pattern and separated by 94% of their active area. This geometry helps to produce
1http://www.eso.org/∼jliske/mgc/
2(η,λ) is a spherical system where (η,λ)=(0,90.) corresponds to (ra,dec)=(275.,0.) and (eta,lambda)=(57.5,0.)
corresponds to (ra,dec)=(0.,90.).
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a complete ’tile’ with a sequence of four pointings and resulting in overlap to provide for
photometric cross-calibration. UKIRT images extend significantly deeper (∼ 2mag/arcsec2)
than the previous NIR studies based on 2MASS (Jarrett et al. 2000).
For the purpose of this thesis I used only K-band images, for more details about the sample
selection see Section 4.1.
2.3 Galaxy and Mass Assembly
The Galaxy and Mass Assembly (GAMA) survey (Driver et al. 2011) is a multi-band imaging
(FUV NUV ugrizY JHK) and spectroscopic survey with a total coverage of 144 deg2. The
GAMA sky area is divided in three 4x12 deg2 equatorial regions centred at 9h (GAMA09), 12h
(GAMA12) and 14h30m (GAMA15) Right Ascension. The depth of the 9h and 15h regions
is rpet < 19.4 mag while the 12h region has an increased depth of rpet < 19.8 mag in AB
magnitudes.
The GAMA survey is using a combination of observing facilities to study galaxy forma-
tion and evolution over a range of wavelengths. The imaging facilities which will eventually
contribute to the database are the Sloan Digital Sky Survey (SDSS), the United Kingdom In-
fraRed Telescope (UKIRT), the Visible and Infrared Survey Telescope for Astronomy (VISTA),
the Very Large Telescope Survey Telescope (VST), Galaxy Evolution Explorer (GALEX) and
the Herschel Space Observatory. The spectroscopy predominantly comes from the AAOmega
fibre-fed spectrograph at the Anglo-Australian Telescope (AAT) plus any previously known
redshifts in the GAMA region. The GAMA aims to create a dataset of ∼350,000 galaxies ob-
served from UV to radio wavelengths with full spectroscopy coverage. In the first two years
∼81,000 redshifts have been observed at the AAT. GAMA probes to redshift up to z=0.5 with
a median galaxy redshift of 0.2. The redshifts were estimated by using RUNZ, an AAT spectral
analysis package. The GAMA input catalogue is described in Baldry et al. (2010) and the
spectroscopic tiling of these sources in Robotham et al. (2010).
A variety of data products, e.g. velocity dispersion measurements, stellar masses, star
formation rates, will be produced from the combination of the above described observations.
However in this thesis I only use the K-band data and the velocity dispersions. The GAMA
K-band sample selection originated from the UKIRT Infrared Deep Sky Survey (UKIDSS LAS)
survey data. UKIDSS archive data were standardised to a common zero-point and corrected
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for any seeing bias. These modified images were then connected using SWARP to create
mosaics of the three 4x12 deg2 GAMA regions (Hill et al. 2010b) with a resolution of 0.339
arcseconds per pixel. From these mosaics, the source catalogue was extracted in a similar
way to the MGC Catalogue with the use of SEXTRACTOR. Full details of the GAMA photometric
process is described in Hill et al. (2010b).
Subsequently, the K-band magnitudes were derived via SIGMA (Kelvin et al. 2011; in
preparation) an automated galaxy modelling wrapper for GALFIT3 (Peng et al. 2010). SIGMA
creates an image cut-out for each galaxy from the GAMA mosaics and estimates starting val-
ues (e.g. apparent magnitude, position angle) with the help of SEXTRACTOR. SIGMA also
creates a two dimensional point spread function (PSF) with the use of PSF Extractor for each
target galaxy. Finally, SIGMA fits an R1/n Sérsic analytical function to each galaxy surface
brightness by using GALFIT3. SIGMA’s final outputs are the total magnitude, the Sérsic index,
the effective radius, the position angle and ellipticity for each galaxy.
The velocity dispersions are partially extracted from the SDSS catalogue3 (Bernardi et al.
2003, Appendix B) and from GAMA spectral analysis with Gas And Absorption Line Fitting
(GANDALF; Steele et al. in preparation, see also Sarzi et al. 2006). GANDALF is a fitting
algorithm designed to fit simultaneous emission and absorption lines while it can measure
gas kinematics.
In Chapter 6 I present the sample selection for the construction of the elliptical SMBH
mass function based on GAMA data.
3http://sdss.physics.nyu.edu/vagc/;Blanton et al. 2005
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Figure 2.1: A projection of the sky showing the location of MGC, GAMA and UKIDSS-LAS survey. The
purple stars indicate the galaxies with direct SMBH mass measurements.
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3
The MGC Mbh–L derived supermassive black
hole mass function
In this Chapter I derive supermassive black hole (SMBH) mass estimates for 1743 galaxies
from the Millennium Galaxy Catalogue (MGC) using the empirical relation between the SMBH
mass and the luminosity of the host spheroid. Using an individual space density weight and
SMBH mass for each galaxy, I construct the SMBH mass function which I fit with a Schechter-
like function. Integrating the black hole mass function gives a SMBH mass density for the local
Universe. Finally, assuming SMBHs form via baryonic accretion I estimate the percentage of
the Universe’s baryons that are currently locked up in SMBHs. Additionally, I extrapolate
the SMBH mass function from the MGC luminosity function and compare with the empirical
SMBH function. The work within this Chapter has been published in Vika et al. (2009).
A cosmological model with ΩΛ = 0.7, Ωm = 0.3 and H0 = 70 h70 km s−1 Mpc−1 is adopted
throughout this Chapter.
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3.1 Sample selection
For this study I use the online catalogue mgc-gim2d and extract the following parameters:
spheroid absolute magnitude, bulge-to-total (B/T) flux ratio, half-light radius of the bulge,
redshift and weight 1. I convert the absolute magnitudes from H0 = 100 km s−1 Mpc−1 to
70 km s−1 Mpc−1. I additionally restrict the sample to the redshift range 0.013 to 0.18. As this
sample may contain galaxies with nuclear components (e.g. star clusters) that bias the R1/n
model, I remove all ‘spheroids’ with half-light radii and B/T less than 0.333 arcsec (1pixel)
and 0.01, respectively. Because the MGC region is over-dense by 9.08 per cent (Hill et al.
2010a) I need to normalise the weights accordingly.
The sample I construct here is identical to sample 3 of Graham et al. (2007) which incor-
porates a colour cut of (u− r)core > 2.0. This colour cut isolates the red spheroid population
and is intended to remove the predominantly blue pseudo-bulge systems. Pseudo-bulges are
believed to form by a process distinct to that by which classical bulges form, and it is not yet
clear whether they contain a SMBH in their centre and, if so, whether they adhere to the pre-
viously cited spheroid-SMBH relations (see Hu 2008). The colour cut adopted here follows
the findings in Driver et al. (2007a) of a clear colour bimodality within spheroidal systems
(as also identified by Drory & Fisher 2007). After I apply the above colour cut I divide the
remaining galaxies into two subsamples. The first contains 1431 ‘early-type’ galaxies (B/T
> 0.4) and the second contains 312 ‘late-type’ galaxies (0.01< B/T < 0.4).
Finally, I note that Allen et al. (2006) consider bulges with MB > −17 mag to be less
reliable while Graham et al. (2007) remove all galaxies fainter than MB = −18 mag from
their sample. I indicate the ‘unsafe’ area with a dashed vertical line at log(Mbh/M) = 7.67 in
all relevant figures which corresponds to MB = −18 mag. Data fainter than this limit should
be treated with caution.
3.2 The Mbh–L relation
The first empirical correlation between the mass of the SMBH and the bulge luminosity was
identified in the review paper by Kormendy & Richstone (1995). Following this initial study a
lot of similar relations have been derived but with differing slopes for the Mbh–L relation. As
1For each galaxy/SMBH an associate space-density weight is derived from the MGC red spheroid luminosity func-
tion in Driver et al. (2007b).
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a result, for the same bulge luminosity we have a range of possible SMBH masses. This large
degree of scatter that has appeared in the luminosity relation is exacerbated by the difficulties
in estimating the bulge luminosity in mid-type galaxies.
Graham (2007) reviewed the relations of four studies and updated their samples with
new data (including revised estimates of the distances, Hubble type classifications and SMBH
masses), added new galaxies, and removed some which still have significant uncertainty in
their listed values. I use the best fit from a 22 galaxy B-band sample (Graham 2007, his
equation 19):
log(Mbh/M) =−0.40(±0.05)(MB + 19.5) + 8.27(±0.08), (3.1)
with a total scatter of 0.34 dex in log Mbh and an intrinsic scatter of 0.30 dex. These 22
galaxies were derived by Graham (2007) from a parent sample of 27 galaxies from Marconi
& Hunt (2003) Group I galaxies. It is important to note that this relation does not contain any
corrections for internal dust attenuation. However, recently it has been demonstrated that
dust attenuation can amount to as much as a few magnitudes in B depending on inclination
(Driver et al. 2008). This poses somewhat of a dilemma as I have a choice of whether to use
the final relationship presented by Graham and the original uncorrected MGC magnitudes and
space densities (as used in the Graham et al. (2007) estimate of the SMBH mass function) or
whether to use the dust-free Mbh–L relation for elliptical galaxies (Graham 2007, his equa-
tion 6) combined with the dust corrected MGC bulge magnitudes and the correspondingly
revised space densities. I choose to use and show the results of both alternatives in order to
indicate the possible uncertainty introduced by dust attenuation.
3.2.1 Masses from Mbh–L versus masses from Mbh–n
Graham et al. (2007) derived the SMBH mass of each galaxy in the MGC sample using the
photometric quantity Sérsic index2 (n). In this study I derive the SMBH masses using the
spheroid luminosity. In Figure 3.1 I directly compare the SMBH masses derived for each
galaxy using the two independent methods (Mbh–L and Mbh–n) for various subsamples de-
fined in B/T and redshift as indicated. A correlation between the two BH mass estimates is not
seen and therefore requires explaining. For each subsample I measure the linear correlation
2For more information on the Sérsic index including a comprehensive review see Graham & Driver (2005).
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Figure 3.1: A comparison of SMBH masses derived from the Mbh–n relation versus the Mbh–L relation
(left panels: z < 0.06, middle panels: z < 0.1, right panels: z < 0.18). The red circles are the
MGC data. The blue circles denote spheroids from Caon et al. (1993). The spheroids less luminous
than MB = −18 mag or with Sérsic index < 2 (indicated with dashed vertical and horizontal lines,
respectively) are shown as grey squares as these data are less reliable. The sloped dashed line indicates
the 1-1 relation. Top panels: (left to right) 30 - 210 - 564 elliptical galaxies (B/T = 1), middle panel:
39 - 312 - 867 early-type disc galaxies (1 > B/T > 0.4), bottom panel: 34 - 109 - 312 late-type disc
galaxies (0.4 > B/T > 0.01). The "right" error bars in each panel show the average uncertainties on
the masses derived from of the intrinsic scatters of the Mbh–L,n relations and the "left" errors shows
those derived from the errors on the spheroid luminosities and Sérsic index (see Section 3.2.1). The
correlation coefficient (r) has been estimated for each subsample.
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coefficient r and only the low-z elliptical systems show evidence for a correlation. For the
bulges of disc galaxies, no correlation is detected.
However, I find that the lack of correlation can be well explained when one considers
the errors from both the measurements (on L and n), the intrinsic scatters of the Mbh–L,n
relations, and the limited mass range probed here (see error indicators on Figure 3.1). In
more detail, equation (3.1) above implies that the typical bulge luminosity error of ±0.1 mag
(see Figure 15 of Allen et al. 2006) corresponds to a mass error of ±0.04 dex. The internal
scatter of the Mbh–L, however, is±0.30 dex. The Sérsic index value has a typical measurement
error of ±20% for the elliptical sample and ±35% for the early- & late- type sample. While
the internal scatter of the Mbh–n is ±0.18 dex (Graham et al. 2007). Hence the scatter in
Figure 3.1 is simply representative of the combination of two measurement errors and two
intrinsic scatters (with the measurement error dominating for the Mbh − n estimates and the
intrinsic scatter dominating for the Mbh−L estimate) coupled with the relatively narrow range
of parameter space probed.
To illustrate this conclusion I have used the same Mbh–L,n relations as above to calculate
the SMBH masses for a sample of nearby, low-inclination systems within the Virgo and Fornax
clusters (Caon et al. 1993), and for which the measurement errors are, by comparison, neg-
ligible. Over the full range of parameter space explored, in this study, these data are known
to give relatively tight correlations. However when overplotted (blue points on Figure 3.1)
for the narrow range of parameter space I probe here, they give similarly low correlation co-
efficients as the MGC data. This strongly suggests that the lack of correlation is mainly due
to the limited range of parameter space covered by the MGC data. The lack of correlation is
consistent with the adopted errors (and which are propagated throughout the analysis). The
caveat is that the analysis remains susceptible to any unknown systematic errors (e.g., bar-
bulge contamination) however the overlap between the MGC data and local data suggests
these systematic errors cannot be a dominant factor. Finally I note that the dominant error in
using the Mbh − L relation comes from the inherent intrinsic scatter in the Mbh − L relation
rather than the MGC measurement error.
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3.3 The MGC SMBH mass function via Mbh–L
I have derived individual black hole masses for each spheroid using equation (3.1). These
estimates have three sources of error. The first is the uncertainty on the parameters defining
equation (3.1). This is a systematic error. The second source of error is the uncertainty in
the spheroid magnitude measurements. Finally, as noted in the previous section, the Mbh–L
relation has significant internal scatter. I consider the latter two as random errors. (Note that
the alignment of the calibration sample with the MGC sample on Figure 3.1 implies that there
is no obvious systematic error in the flux measurements.) To model these errors appropriately
I run a series of 10001 Monte Carlo simulations. For each simulation I randomly modify
the coefficients of equation (3.1) assuming Gaussian error distributions. Then I perturb each
spheroid flux by a random amount as is appropriate given the spheroid’s individual magnitude
error, and calculate a new set of SMBH masses from the perturbed fluxes using the perturbed
version of equation (3.1). Finally, I randomly modify each of the SMBH masses according
to the internal scatter of the Mbh–L relation, again assuming a Gaussian distribution. Given
these 10001 Monte Carlo datasets I estimate the value and 1σ error of any given quantity of
interest by calculating that quantity for each of the datasets and determining the median and
68 percentile range of the resulting distribution, respectively. This procedure is similar to that
followed by Graham et al. (2007).
At this point I wish to volume-correct the sample and to compute the SMBH mass function.
For this purpose I employ the space-density weights derived by Driver et al. (2007b): the
weight W(L) of a spheroid of luminosity L is simply given by the value of the luminosity
function of the appropriate spheroid type, φ(L), divided by the observed number of spheroids
N(L) in the interval [L, L + dL]. The value of the SMBH mass function at mass Mbh is then
calculated as the sum of the weights of all spheroids within the interval [Mbh, Mbh+ dMbh]:
φ(Mbh) =
∑
[M ,M+dM]
W (L), where W(L) = φ(L)/N(L). (3.2)
In Figure 3.2 I show the SMBH mass function and its errors as determined from the Monte
Carlo process described above and using equation 3.2 for the full, early- and late-types sub-
samples (top to bottom). All data are listed in Table 3.1. Each φ value tabulated in Table 3.1
is the median value of the 10001 φ values calculated in each Monte Carlo run and the uncer-
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Table 3.1: SMBH mass function data for the full, early- and late-type samples (DC = dust-corrected),
as presented in Figure 3.2. The uncertainties given are the 1σ values derived from the Monte Carlo
simulations. The Monte Carlo errors are derived by repeating the analysis described in Section 3.3
10,001 times with the input values perturbed by the listed errors collectively. All error distributions
are assumed to be Gaussians.
log10 Mbh φ [10
−4 h370 Mpc−3 dex
−1]
[M] All galaxies Early-type Late-type All galaxies (DC) Early-type (DC) Late-type (DC)
6.25 0.00+2.95−0.00 0.00+0.00−0.00 0.00+0.00−0.00 0.00+1.34−0.00 0.00+0.00−0.00 0.00+0.00−0.00
6.50 1.46+4.79−1.46 0.00+5.88−0.00 0.00+2.98−0.00 0.65
+5.44−0.65 0.00+6.09−0.00 0.00+1.36−0.00
6.75 6.63+5.27−5.17 1.80+4.85−1.80 3.03+4.40−3.03 4.62+4.80−3.97 2.68
+4.48−2.68 1.36+2.20−1.36
7.00 12.9+5.22−5.47 4.10
+3.88−2.64 8.33+4.15−4.14 10.1+5.07−4.80 5.50+4.17−3.84 4.33+2.51−2.32
7.25 18.5+4.45−4.38 5.98+3.03−2.33 12.3+3.58−3.31 17.3+5.10−5.13 9.73+4.63−4.18 7.28+2.16−2.11
7.50 22.0+4.30−3.56 9.02+2.29−2.16 12.9+3.48−2.94 25.8+5.05−4.93 17.1+4.54−4.42 8.43+2.05−1.81
7.75 23.5+3.77−3.06 12.9+2.14−1.95 10.5+3.09−2.32 34.1+4.97−4.53 25.9+4.49−4.37 8.00+1.88−1.45
8.00 22.7+3.46−2.74 15.6+1.88−1.71 7.01
+2.26−1.69 38.5+4.84−4.17 32.2
+4.05−3.66 6.38+1.56−1.27
8.25 18.5+2.95−2.45 14.8
+1.85−1.62 3.68+1.36−1.03 34.0+4.92−4.17 30.1+3.99−3.57 3.87+1.17−0.95
8.50 12.2+2.37−2.07 10.7
+1.84−1.68 1.51+0.66−0.49 22.8+4.40−4.05 21.0
+3.96−3.61 1.78+0.69−0.53
8.75 6.15+1.81−1.69 5.71+1.64−1.55 0.47+0.29−0.21 11.1+3.51−3.20 10.5
+3.35−3.06 0.61+0.33−0.26
9.00 2.15+1.17−0.91 2.07+1.11−0.87 0.09+0.11−0.07 3.63+2.09−1.58 3.51+2.05−1.53 0.14+0.14−0.10
9.25 0.50+0.47−0.29 0.48+0.48−0.28 0.00+0.04−0.00 0.78+0.77−0.47 0.75+0.78−0.45 0.00+0.06−0.00
9.50 0.07+0.13−0.04 0.07+0.13−0.04 0.00+0.00−0.00 0.10+0.19−0.07 0.10+0.19−0.07 0.00+0.00−0.00
tainty is the 1σ value assuming that the 10001 φ values of each mass bin can be described by
a Gaussian distribution.
In each panel of Figure 3.2 the solid line represents the best fit of a three-parameter
(M∗,φ∗,α) Schechter-like function3 over the mass range 107.75 < Mbh/M < 1010:
φ(Mbh) = φ∗

Mbh
M∗
α+1
exp

1−

Mbh
M∗

. (3.3)
The low mass limit of Mbh = 107.75 (which corresponds to MB = −18 mag) has been derived
in Allen et al. (2006) (see also Graham et al. 2007) and indicates the faintest reliable limit
of the MGC measurements. This magnitude limit was an outcome of the MGC quality control
tests. The quality control was performed by repeating the photometric analysis of MGC objects
lie in the overlap regions (see Allen et al. (2006) for more details). The comparison showed
that the derived parameters of galaxies fainter than -17 B mag are inaccurate.
The best fitting parameters are given in Table 3.2. Each pair of parameter values tabulated
in Table 3.2 is the median value of the 10001 best fit pairs that were calculated in each Monte
Carlo run. The uncertainty values in each parameter are the 1σ value.
3In Appendix A I present the fit of the log-normal distribution on the MGC SMBH mass function.
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Figure 3.2: The data points in the top panel show the SMBH mass function of the full MGC sample.
The error bars were derived from Monte Carlo simulations (see text for details). The solid line and
grey shaded region represent the best fit Schechter function and its uncertainty. The dashed line shows
the same for dust corrected magnitudes and weights, while the dotted line shows the result of Graham
et al. (2007) using the Mbh–n relation (corrected for the 9.08 per cent overdensity of the MGC). The
middle and bottom panels show the same for early- (B/T > 0.4) and late-type (0.01 < B/T < 0.4)
samples. The dashed vertical line at log(Mbh/M) = 7.67 (corresponding to MB =−18 mag) indicates
the reliability limit and all data beyond this limit are shown with big open circles. The fits use only the
reliable data above this limit. All data points are listed in Table 3.1. The additional curve in the middle
panels is from Hopkins et al. (2007) (H07).
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Figure 3.3: A histogram of the 10001 values of mass density for early-type (B/T > 0.4) galaxies from
the Monte Carlo simulations. The distribution is reasonably reproduced by a Gaussian (solid line).
3.3.1 Calculation of the local SMBH mass density
Finally, I integrate the Schechter-like estimation of the SMBH mass function over the mass
range probed by the data to calculate the SMBH mass density, given by the expression:
ρbh =
∫ log(Mbh/M)=10
log(Mbh/M)=6
φ(Mbh)Mbh d log Mbh
=
φ∗M∗e1
ln(10)

γ

a+ 2,
1010M
M∗

− γ

a+ 2,
106M
M∗

. (3.4)
As an example of the Monte Carlo process, Figure 3.3 shows the distribution of the 10001
SMBH density values. This is reasonably described by a Gaussian function. The final SMBH
density is defined as the median of this distribution with the 1σ error given by 68 percentile
range. The resulting mass densities of SMBHs with masses between 106 < Mbh/M < 1010
for the full, early-and late-type samples are given in Table 3.3. The last column of Table 3.3
also lists the corresponding cosmological density parameters Ωbh = ρbh/ρcrit.
Integrating the mass function over all masses I derive slightly larger values for the densi-
ties: 5.06 (8.5), 3.8 (6.6) and 0.96 (0.92) ×105 h370 MMpc−3 for the full, early- and late-type
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Table 3.2: Results of a three-parameter Schechter function fit to the SMBH mass function, both for
dust corrected (DC) and uncorrected samples. The uncertainties on the parameters were derived from
Monte Carlo simulations (see text for details).
Sample No. of logφ∗ log(M∗/M) α
spheroids [h370 Mpc
−3dex−1]
All galaxies (B/T > 0.01) (DC) 1743 −3.15 ± 0.05 8.71 ± 0.08 −1.20 ± 0.10
All galaxies (B/T > 0.01) 1743 −2.92 ± 0.05 8.71 ± 0.06 −1.07 ± 0.05
Early-type (B/T > 0.4) (DC) 1431 −3.10 ± 0.05 8.64 ± 0.03 −0.90 ± 0.06
Early-type (B/T > 0.4) 1431 −2.90 ± 0.04 8.71 ± 0.03 −1.16 ± 0.10
Late-type (0.01< B/T < 0.4) (DC) 312 −3.70 ± 0.02 8.46 ± 0.03 −1.44 ± 0.11
Late-type (0.01< B/T < 0.4) 312 −3.66 ± 0.02 8.49 ± 0.08 −1.28 ± 0.01
samples, respectively, where the numbers in parentheses refer to the dust-corrected values.
These densities are consistent with the values reported by Graham et al. (2007).
As discussed in the introduction and also in Shankar et al. (2004) if one assumes that
SMBHs form via the accretion of baryons alone and using the cosmological SMBH mass density
Ωbh,total = (3.7± 0.7)× 10−6 h70 I can estimate the SMBH baryon fraction. Given that 4.5 h−270
per cent of the critical density is in the form of baryons Tegmark et al. (2006) I find that
(0.008± 0.002)h370 per cent of the Universe’s baryons are currently locked up in SMBHs at
the centres of galaxies. For comparison, the value that Graham et al. (2007) found was
(0.007± 0.003)h370 per cent.
3.4 Discussion and Comparisons to Earlier Works
Figure 3.4 shows a compendium of recent estimates of the zero redshift SMBH mass function
in the left panel, while the right hand panel shows the differential contribution to the mass
density. The shaded (light grey) region representing the MGC results show the spread in the
means from the three estimates as tabulated in Table 3.2 and in Table 1 of Graham et al.
(2007). Within this compendium of data only the MGC results are based on actual measure-
ments of bulge properties. The non-MGC curves/shading all rely on coupling an empirical
SMBH mass-relation with a galaxy luminosity or velocity function under some assumption
as to the fraction of ellipticals and how the mean bulge-to-total ratio varies with luminosity.
Typically a constant fraction for both values is adopted independent of luminosity, which is
contrary to what has been seen in the MGC and in other morphological studies. In reality the
fraction of ellipticals and the mean B/T ratio should increase with stellar mass. Incorporating
this would have the effect of tilting the mass functions derived in this ‘analytical’ way, and
this is the most likely explanation for the discrepancy between some of the results shown in
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Table 3.3: SMBH mass densities integrated over the mass range 106–1010 for the full, early- and late-
type samples as derived from the Mbh–L (dust corrected [DC] and uncorrected) and Mbh–n relations
(Graham et al., 2007). The differences in the numbers of spheroids are due to different absolute
magnitude cuts employed. α is the error due to the uncertainties on the parameters defining equation
(3.1) and β is from the uncertainty on the bulge magnitudes. γ is derived from the MGC global cosmic
variance of 6 per cent for the effective 30.8 deg2 region with 0.013 < z < 0.18. Finally, δ is the error
due to the intrinsic scatters of the Mbh–L (0.30 dex) and Mbh–n relations (0.18 dex). All densities have
been corrected for the overdensity of the MGC region (9.08 per cent).
Method No. of ρbh ±α± β ± γ±δ Ωbh
spheroids [105 h370 MMpc−3] [10−6 h70]
Full sample (B/T > 0.01):
Mbh–L 1743 4.9 ± 0.7 ± 0.5 ± 0.3 ± 0.1 3.7± 0.7
Mbh–LDC 1743 8.0 ± 1.3 ± 0.4 ± 0.5 ± 0.3 6.2± 1.1
Mbh–n 1543 4.0 ± 1.5 ± 0.06 ± 0.2 ± 0.04 2.9± 1.1
Early-type (B/T > 0.4):
Mbh–L 1431 3.8 ± 0.6 ± 0.4 ± 0.2 ± 0.1 2.5± 0.3
Mbh–LDC 1431 6.5 ± 1.2 ± 0.3 ± 0.4 ± 0.3 4.8± 0.6
Mbh–n 1352 3.1 ± 1.04 ± 0.05 ± 0.2 ± 0.03 2.3± 0.8
Late-type (0.01< B/T < 0.4):
Mbh–L 312 0.96 ± 0.2 ± 0.05 ± 0.06 ± 0.07 0.7± 0.2
Mbh–LDC 312 0.92 ± 0.1 ± 0.04 ± 0.05 ± 0.05 0.7± 0.1
Mbh–n 191 0.86 ± 0.49 ± 0.03 ± 0.05 ± 0.02 0.6± 0.4
Figure 3.4 and those from the MGC (see Appendix A for details). This echoes the recent study
of nearby active systems by Greene & Ho (2007) who also find a bounded BH mass function
based on an empirical study of the broad-line regions of 9000 QSOs, albeit shifted to lower
black hole masses (see Figure 3.4, left).
However, it is also fair to note that while the MGC results give a consistent SMBH mass
density and generally agree at the high mass end they show a broader discrepancy at lower
SMBH masses. Most likely this can be traced back to the bulge-disc decompositions which
are no doubt imperfect, particularly for low-B/T, low-luminosity and/or low-n systems (i.e.,
those systems likely to contain lower mass SMBHs). Repeatability tests Allen et al. (2006)
and extensive simulations (Cameron et al. 2009) based on MGC data both show that while
disc parameters are recovered extremely reliably the bulge parameters are susceptible to gross
error. However, no obvious bias via the simulations has yet been seen, but rather a larger than
desirable general scatter and in this manner the correct answer with appropriate errors should
indeed emerge through the Monte Carlo simulation process. Note that the modelling of the
SMBH mass function includes extensive Monte Carlo simulations of the structural errors along
with a Malmquist Bias correction.
Within the MGC results the dominant source of random error comes from the uncertainty
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Figure 3.4: Left panel: a compendium of zero redshift SMBH mass functions corrected for the hidden
Hubble dependency. The curves are from Shankar et al. (2004) (S04); Aller & Richstone (2002)
(AR02a, AR02b); Greene & Ho (2007) (GH07) and Shankar et al. (2009a) (S08,z=0 curve). The light
grey shaded region represent the MGC results from the three estimates. The data points show the
SMBH mass function for all the MGC subsamples (red squares: Graham et al. (2007); blue triangles:
this study, dust corrected; green circles: this study, no dust corrected). Right panel: equivalent plot
showing the contribution by SMBH mass to the cosmic SMBH mass density.
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in the Mbh–n and Mbh–L relations and the associated intrinsic scatter. This is limited mainly
by the sample size of the relevant calibration datasets. In terms of systematic error this most
likely arises from an, as yet unknown, bias in the bulge-disc decompositions. While simu-
lations show that systematic biases are low I do see a discrepancy, in Figure 3.1, between
the two approaches which at this stage provides the best and only indication of the scale of
any systematic errors. Simulations suggest that the bulge luminosity measurements are more
robust than the Sérsic index measurements (reflected by the lower final errors in the SMBH
mass function) and so I therefore consider the new MGC measurements based on the updated
Mbh–L relation of Graham (2007), to be superior to Graham et al. (2007) estimate and to the
other ‘analytical’ estimates (given the inherent, sometimes hidden assumptions in the analytic
approach). I therefore advocate the data presented in this study as the current best estimate
of the zero redshift SMBH mass function.
SMBH mass functions derived from the M - σ relation also show an increase in density
towards low black hole masses. However velocity dispersions for the lower mass systems
are generally estimated rather than measured with a number of hidden implicit assumptions
required (e.g. Aller & Richstone 2002). The most recent studies (Lauer et al. 2007b; Tundo
et al. 2007) use the velocity dispersion function from Sheth et al. 2003, however this function
estimates the black hole masses from the systemic circular velocity which could lead to an
overestimation of SMBH masses and a steeper faint end.
3.5 Predicting the SMBH mass function directly from the galaxy
luminosity function
In this study I have derived the nearby SMBH mass function through direct estimates of SMBH
masses for 1743 individual galaxies selected from the Millennium Galaxy Catalogue (MGC).
The resulting SMBH mass function determined using the Mbh–L relation is consistent for
Mbh/M > 107.75 with the Graham et al. (2007) estimate based on the Mbh–n relation and
those derived analytically as shown in Figure 3.4. However, below the faint limit of bulge
reliability (i.e., MB > −18 mag) I note a sharp decline in the mass function not mirrored in
the analytical estimates. In Section 3.4 I claimed that this is due to inherent assumptions in the
analytical process related to the accuracy to which type fractions are known and the adoption
of a constant bulge-to-total luminosity ratio. To understand why this is so I firstly describe the
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analytical method, then I explore some of the implicit assumptions, and finally I derive a set
of analytical SMBH mass functions to illustrate the basis of these claims. I note that to fully
explore this issue it is necessary to revert to the full MGC sample for which some fraction of
MGC bulge measurements will be unreliable (see Cameron et al. 2009 for a detailed discussion
of these issues). Therefore, I make a strong caveat that the values and results reported in this
Section are to qualitatively illustrate some of the subtleties in estimating the SMBH mass
function analytically only and are not sufficiently robust to produce definitive SMBH mass
function estimates at this time.
3.5.1 Estimating SMBH mass functions analytically
Apart from this work and the Graham et al. 2007 empirical studies, all estimates of the SMBH
mass function combine a global galaxy luminosity function with estimates of population ra-
tios and bulge-to-total luminosity ratios. This situation arises because the Millennium Galaxy
Catalogue is the only study, to date, to actually separate the bulge and disc components for
a sufficiently large sample (Allen et al. 2006). In the analytical approach using, for example,
the Mbh–L method, a galaxy luminosity function is adopted (or a set of Hubble type spe-
cific luminosity functions) and the space-density of bulges is then estimated by adopting a
constant bulge-to-total flux ratio (or a set of bulge-to-disc flux ratios for each Hubble type).
These estimated bulge luminosity functions are the convolved with the Mbh–L expression to
produce an analytic SMBH mass function. There are three main issues with this technique: (i)
Hubble population fractions are not well constrained and depend on luminosity (while type-
dependent luminosity functions will account for this, estimates based on the global luminosity
function typically do not). (ii) Bulge-to-total flux ratios are believed to vary with luminosity
(typically all systems fainter than MB = −17 mag are single component only) and this has
not yet been adequately quantified. (iii) A final more subtle issue is the distinction between
the type of bulge, simple Hubble classification does not distinguish between red bulges (clas-
sic) and blue bulge (possible pseudo-bulges or contaminant bars). This Chapter assertion has
been to only predict SMBH masses for red-bulge systems as it is unclear at this time whether
blue-bulge systems also harbor SMBHs.
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3.5.2 MGC B/T dependency with luminosity
Returning to the full publicly available MGC catalogue I directly determine the dependency
of bulge type and bulge-to-total ratio as a function of luminosity. First I restrict the sample
(to minimise the contamination by spurious bulges) to the redshift range 0.013 < z < 0.18
leaving 7044 galaxies from a parent sample of 10095. I then construct the following sub-
populations (following the arguments laid down in earlier MGC papers):
(1) Red bulge-only (elliptical) systems (B/T = 1, (u− r)c > 2), 579
(2) Blue bulge-only (elliptical) systems (B/T = 1, (u− r)c < 2), 235
(3) Red bulge systems (0< B/T < 1, (u− r)c > 2), 2487
(4) Blue bulge systems (0< B/T < 1, (u− r)c < 2), 964
(5) Bulge-less or unresolved bulge systems (B/T = 0), 2779
I plot these populations on the main panel of Figure 3.5. Solid points show the mean B/T for
the red and blue bulge systems as well as that for the combined spiral sample (red bulge, blue
bulge and bulge-less systems) versus absolute magnitude. I see that the B/T fraction of the
individual red and blue bulge populations are distinct but relatively constant. In contrast the
overall mean spiral B/T shows a linear decrease (reasonably well described by the relation
B/T =−1.09− 0.067MB).
The top panel of Figure 3.5 shows how the fraction of each population varies. At bright
luminosities the sample is dominated by red-bulge systems which steadily declines, in turn
I see a corresponding rise in blue-bulge and bulge-less systems. The trends seen are quite
distinct showing minimal scatter in the measurement of the means, this suggests that while
errors in some of MGC bulge measurements are no doubt present they are unlikely to be
dominating.
3.5.3 Derivation of the SMBH mass function through scaling relations
I now adopt a global galaxy luminosity function (e.g., that derived in B for the MGC itself
in Driver et al. 2006) and combine this with the scaling relations seen in Figure 3.5 under
various assumptions as follows:
Method 1 — Adopt a constant B/T and a constant spiral fraction (standard practice).
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Figure 3.5: (main panel) The distribution of B/T versus absolute magnitude for various galaxy sub-
populations (as indicated). Overlaid are the mean trends and errors on the mean for the red-bulge
(solid squares), blue-bulge (solid triangles), and combined spiral population (solid circles). (upper)
The relative fraction of various galaxy sub-populations colour coded as in the main panel.
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Method 2 — Adopt a varying B/T and a constant spiral fraction.
Method 3 — Adopt a constant B/T and the red bulge fraction (similar to the Sample 3).
Method 4 — Adopt a constant B/T and the red and blue bulge fraction.
Figure 3.6 (upper panel) shows the global MGC luminosity function (red/solid) and the im-
plied bulge luminosity functions based on these four methods outlined above. Figure 3.6
(lower panel) shows the implied SMBH mass function. I can see that the faint end of the
SMBH mass function depends critically on these relations and the sample selection assump-
tions (see Section 3.1). In particular the key question arises as to whether blue bulge systems
(potentially pseudo-bulge systems) harbor SMBHs or not and if so whether they follow the
same trends as classical (red) bulges. In conclusion, and having explored both methods, I con-
tinue to advocate the empirical approach laid out in the main body of this study where every
bulge has been measured, and the errors have been derived from Monte Carlo simulations,
over the analytical approach with its hidden assumptions.
3.6 Conclusions
I have used a sample of 1743 galaxies extracted from the Millennium Galaxy Catalogue to
estimate the SMBH masses from the Mbh–L relation (using Graham 2007, his equation 19)
to construct the SMBH mass function at redshift zero. This Chapter’s results agree well with
the Graham et al. (2007) study, but in comparison to other published data the MGC data
consistently show a steep drop-off or decline in the space-density of SMBHs towards lower
masses. Although this lies below what I consider to be a reliable limit (< 107 M) it most
likely arises from the more direct empirical approach. Essentially, the SMBH mass function
declines because the spheroid luminosity function declines (Driver et al. 2007b).
Within the reliability limits the contribution of the SMBH mass function to the total cosmic
SMBH density budget is sharply peaked. Integrating over the best fit Schechter-like mass
function I obtain a total SMBH mass density of ρbh = (4.90± 0.7)× 105 h370MMpc−3 and
a cosmological SMBH density of Ωbh = (3.7 ± 0.7) × 10−6 h70. This implies that (0.008 ±
0.002)h370 per cent of the Universe’s baryons are contained in SMBHs, in excellent agreement
with the results from Graham et al. (2007).
In this Chapter, and in Graham et al. (2007) the MGC SMBH mass function have been
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Figure 3.6: (upper panel) The global B-band galaxy luminosity function from Driver et al. (2005) and
a variety of bugle luminosity functions one might derive (as described in the text). (lower panel) The
resulting analytical SMBH mass functions depending which model LF is adopted.
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measured with three methods. Once using the Mbh–n relation (Graham et al. 2007) and twice
using the Mbh–L relation (this thesis; once ignoring dust attenuation and once correcting for
dust attenuation). From a comparison of the three SMBH mass functions I find that the dis-
crepancy in any one bin of the SMBH mass function (probably the most realistic quantitative
insight into the hidden systematic errors) lies at the 30 per cent level. This constitutes the
current limit which can be achieved from the MGC dataset. A significant improvement can
made in three ways. Firstly, by increasing the sample size, secondly by obtaining more ro-
bust measurements, and thirdly by improving the accuracy in which the Mbh–L,n relations
are known.
One obvious direction in the latter case is to re-derive the Mbh–L,n relations in the near-IR
to overcome the severe effects of dust attenuation (see Driver et al. 2007b). In Chapter 5 I will
recalibrate the Mbh–L,n relations at near-IR wavelengths (where I expect the intrinsic scatter
to be significantly reduced). A suitable near-IR catalogue for applying these new relations
is the ongoing Galaxy And Mass Assembly (GAMA) survey (see Chapter 6). With these two
improvements I should be able to significantly reduce the errors inherent in this Chapter as
well as probe a significantly broader black hole mass range.
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4
Two dimensional near-infrared surface
photometry
The number of SMBH mass measurements (Mbh) from inactive galaxies in the local Universe
have rapidly increased over the last 15 years (see Graham et al. 2010 for sample compilation).
Kormendy & Richstone (1995) reviewed Mbh determinations for a sample of 8 local galaxies
and introduced the SMBH mass (Mbh) - galaxy luminosity (L, or bulge luminosity in the
case of disc galaxies) relation. Since this time, the Mbh–L correlation has been investigated
by a number of groups from optical to NIR passbands (Magorrian et al. 1998; Kormendy &
Gebhardt 2001; Marconi & Hunt 2003; Graham 2007; Gültekin et al. 2009b).
More recently and in addition to the Mbh–L relation Graham & Driver (2007, following on
from Graham et al. 2001) found a relation between the galaxy light concentration n (Sérsic
index) and Mbh with a comparable intrinsic scatter of 0.31dex. In the review by Novak et al.
(2006) the Mbh–n relation was shown to be as accurate for predicting Mbh as the Mbh–σ
relations.
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In Chapter 3 and in the Graham et al. (2007) paper we applied both the Mbh–n and
Mbh–L relations respectively to derive the nearby SMBH mass functions for the Millennium
Galaxy Catalogue (Liske et al. 2003; Driver et al. 2005) and derived individual SMBH mass
measurements for a sample of 1743 galaxies. While the mass functions agreed well within the
cited errors, the comparison of the derived SMBH masses on a galaxy by galaxy basis showed
a low consistency between the two predictors. I explained that the lack of correlation is in
part due to the scatter introduced by combining elliptical and disc galaxies, the uncertainty of
separating the bulge component from the disc component, and due to the intrinsic scatter of
the Mbh–L, n correlations at optical wavelengths.
Here I aim to produce new surface photometry of all UKIDSS galaxies for which SMBH
masses have been measured. I will derive composite profiles of brightness, ellipticity and
position angles of each galaxy. I will show that the Sérsic function fits the brightness profile
of the majority of the elliptical galaxies and the bulge of disc galaxies and I will provide
alternative multi-component fits when necessary. These photometric parameters will be used
in Chapter 5 to reconstruct the Mbh–L, n relations in the near-IR. I specifically choose NIR
photometry because galaxy profiles should be less perturbed by young star populations and
by dust attenuation relative to optical passbands (Driver et al. 2008), thereby yielding a lower
intrinsic scatter and enabling more accurate SMBH mass function determinations from the
application of these relations to large surveys (e.g. GAMA see Driver et al. 2009). This work
within this Chapter together with Chapter 5 has been published in Vika et al. (2011).
4.1 Data Reduction
I extract calibrated K-band images from UKIDSS for 29 galaxies for which SMBH masses have
been measured. These galaxies are a subsample of the host galaxy population, where the mass
of the SMBH has been measured using a direct method. The full sample consists of 86 galaxies
with SMBHs and 9 galaxies with intermediate massive black holes (IMBH), as presented by
Graham et al. (2010) and references therein. The wide-field images were obtained using
the Wide Field Infrared Camera (WFCAM) (Casali et al. 2007) on the 3.8-m United Kingdom
Infra-red Telescope (UKIRT) as part of the Large Area Survey UKIDSS-LAS (Lawrence et al.
2007).
The properties of UKIRT galaxy sample are listed in Table 4.1. I include galaxies with
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Figure 4.1: The distribution of the sky background for the NGC5846. The mean sky value is 8730
ADU with σ = 6).
SMBH masses measured with stellar kinematics, gas kinematics, water masers, stellar proper
motion and reverberation mapping. This sample includes 15 elliptical galaxies and 14 disc
galaxies. Also I include for reference only the Milky Way parameters derived from other stud-
ies. In particular, the SMBH mass is (4.3± 0.3)106M for a distance of 0.0083Mpc (Gillessen
et al. 2009), the bulge luminosity is (4.0± 1.2)108L at 2.2µm (Dwek et al. 1995) and the
Sérsic index 1.32+0.26−0.22 (Kent et al. 1991; Graham & Driver 2007).
4.1.1 Sky
The accuracy to which I can determine the sky background dictates the depth to which I can
profile each galaxy. The sky background is measured manually by placing 40 - 50 boxes (10
x 10 pixels) at locations around each galaxy using the IRAF task imexamine. The sky value I
then adopt is the mean of the median values from each box (see Figure 4.1 for details). The
boxes are selected to lie away from stars, the faint halo of the galaxy, neighbouring galaxies
that may exist and to be uniformly distributed around each image.
Some images (NGC2778, NGC3245, NGC4258, NGC7052) have a noticeable background
gradient. I correct the gradient with the use of a SExtractor (Bertin & Arnouts 1996) fully
resolved background map. To ensure that the subtraction of the background map will not
adversely affect the galaxy flux, I first subtract the galaxy with the help of a model constructed
with IRAF - ELLIPSE BMODEL. After I have removed the model I create a fully resolved
background map which I subtract from the initial image. The sky background values derived
from the method described above can be found in Table 4.2 and are used later as an input
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Table 4.1: Galaxy Sample; Column(1): Galaxy name; Column(2) and (3): equatorial coordi-
nates (J2000); Column(4) and (5): K-Band and B-Band magnitudes from the SIMBAD Astronomical
Database; Column(6): reddening estimate E(B-V) from Schlegel et al. (1998); Column(7): Hubble
type from NED (and in bracket from Graham et al. (2010)) ; Column(8): redshift from the NED;
Column(9): Activity (Sy:Seyfert, NLRG:Narrow Line Radio Galaxy, HII:Nuclear HII regions, L:Low
Ionisation Nuclear Emission-Line Regions,LLAGN:low-luminosity AGN.
Galaxy RA DEC K B AK Type Redshift Activity
Name (J2000) (J2000) (mag) (mag) (mag)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
NGC221 00 42 41.8 +40 51 57.2 5.09 9.2 0.057 cE2 (S0) -0.0006 -
NGC863 02 14 33.56 -00 46 00.0 9.54 14.0 0.013 SA(s)a 0.02638 Sy1-2
NGC1068 02 42 40.83 -00 00 48.4 5.79 9.7 0.012 SAb 0.00379 Sy1-2
NGC2778 09 12 24.35 +35 01 39.4 9.514 13.1 0.008 E (SB0) 0.00683 -
NGC2960 09 40 36.46 +03 34 36.6 9.783 13.6 0.016 Sa 0.01645 Sy3
NGC3245 10 27 18.52 +28 30 24.8 7.862 11.6 0.009 SA(r) (S0) 0.00438 HII L
NGC4258 12 18 57.54 +47 18 14.3 5.464 9.6 0.006 SABbc 0.00149 Sy1
NGC4261 12 19 23.21 +05 49 29.7 7.26 12.0 0.006 E2 0.00746 Sy3-L
NGC4303 12 21 55.03 +04 28 28.7 6.843 10.9 0.008 SAB(rs)bc 0.00522 HII Sy2
NGC4342 12 23 39.12 +07 03 12.9 9.023 13.0 0.008 SO 0.0025 -
NGC4374 12 25 03.74 +12 53 13.1 6.222 10.8 0.015 E1 0.00353 Sy2-L
NGC4435 12 27 40.60 +13 04 44.4 7.297 11.9 0.011 SB(s) (SB0) 0.00267 -
NGC4459 12 29 00.13 +13 58 42.5 7.152 11.6 0.017 SA0 0.00403 HII L
NGC4473 12 29 48.95 +13 25 46.1 7.157 11.2 0.010 E5 0.00748 -
NGC4486 12 30 49.42 +12 23 28.0 5.812 10.4 0.008 cD,E0 0.00436 NLRG-Sy
NGC4486a 12 30 57.89 +12 16 13.7 11.2 9.01 0.009 E2 0.00050 -
NGC4486b 12 30 31.82 +12 29 25.9 10.09 14.5 0.008 cE0 0.00519 -
NGC4552 12 35 40 +12 33 22 6.728 11.1 0.015 E1 (S0) 0.00113 HII Sy2-L
NGC4564 12 36 27.01 +11 26 18.8 7.937 12.2 0.012 E6 (S0) 0.00380 -
NGC4596 12 39 56.16 +10 10 32.4 7.463 12.4 0.008 SB(r)0+ 0.00623 L
NGC4621 12 42 02 +11 38 45 6.746 11.0 0.012 E5 0.00137 -
NGC4649 12 43 40.19 +11 33 08.9 5.739 10.3 0.010 E2 0.00372 -
NGC4697 12 48 35.7 -05 48 03 6.367 11.0 0.011 E6 0.00414 LLAGN
NGC5576 14 21 03.7 +03 16 16 7.827 11.9 0.011 E3 0.00496 -
NGC5813 15 01 11.3 +01 42 06 7.413 12.5 0.021 E1-2 0.00658 L
NGC5845 15 06 00.9 +01 38 01.4 9.112 13.8 0.020 E 0.00483 -
NGC5846 15 06 29.4 +01 36 19 6.935 11.9 0.020 E0 0.00571 HII L
NGC7052 21 18 33.1 +26 26 48 8.574 14.0 0.046 E 0.0241 -
UGC9799 15 16 44.6 +07 01 16.3 9.548 14.8 0.014 cD;E 0.0345 Sy2
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(a) (b)
(c)
Figure 4.2: (a) K-band image of NGC5846 (b) The same image cleaned of background stars (c) The
segmentation map. See Section 4.1 for details.
to GALFIT3. All background values have been independently checked using STARLING -
ESP - HISTPEAK and agree within the quality errors. Nevertheless I do note in particular
the extensive structure in the background of NGC4486, possibly due to the UKIDSS reduction
pipeline. The NGC4486 case will be discussed further in Chapter 5.
4.1.2 PSF
Two PSFs are created for each galaxy, based on stars taken from the same data frame and
using the package IRAF DAOPHOT. The PSF model is described by a penny2 function. Penny2
has a Gaussian core and Lorentzian wings which are free to be tilted in different directions. I
construct the PSF from a sample of 10-15 stars selected from each galaxy/image in interactive
mode. A different set of stars is used for each PSF. Saturated stars, or stars very close to the
galaxy with unclear background levels, are excluded from the sample. After the creation of
the DAOPHOT PSF I use it to subtract all stars from the original image. The left panel and the
middle panel of Figure 4.2 shows an example galaxy image before and after removing the
stars.
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Table 4.2: Galaxy Sample. The background is the mean value of fifty median sky values. Each median
value has been estimated for a box of 100 pixels. Theσbg is the standard deviation of mean background
value, equal to σ/
p
N where N the number of boxes used for measuring the sky.
Galaxy Seeing background σbg Exposure time
Name (pixel) (sec)
(1) (2) (3) (4) (5)
NGC 221 4.6 6540 8 10
NGC 863 2.1 6606 3 10
NGC 1068 2.7 5945 5 10
NGC 2778 2.3 10723 1.2 10
NGC 2960 1.9 4740 2 10
NGC 3245 1.9 10210 2 10
NGC 4258 2.5 10635 2 10
NGC 4261 1.4 5453 3 10
NGC 4303 1.7 6036 3 10
NGC 4342 1.1 5407 2 10
NGC 4374 2.8 5829 1.4 10
NGC 4435 1.5 5782 5 10
NGC 4459 1.8 5402 3 10
NGC 4473 1.9 5368 4 10
NGC 4486 1.6 5580 9 10
NGC 4486a 1.2 5615 4 10
NGC 4486b 1.2 5581 5 10
NGC 4552 1.6 5612 4 10
NGC 4564 1.5 5123 4 10
NGC 4596 2.1 3316 2 10
NGC 4621 2.1 5117 3 10
NGC 4649 3.1 5258 5 10
NGC 4697 2.9 7449 3 10
NGC 5576 2.6 5465 3 10
NGC 5813 1.9 7477 5 10
NGC 5845 2.0 8722 4 10
NGC 5846 1.8 8730 6 10
NGC 7052 2.1 6629 1.3 10
UGC 9799 3.3 7377 2 10
4.1.3 Image Masks
In some images the main galaxy is surrounded by satellite galaxies (e.g. UGC9799), saturated
stars (e.g. NGC4459) and contaminated by bad pixels (NGC1068). The light distribution
from the neighbouring galaxies and the area that the bad pixels cover cannot be cleaned with
the same technique I used for the stars. In these cases I use an image mask that indicates to
GALFIT3 which areas of the image should not be used. I create these maps using SExtractor
segmentation maps. The bottom panel of Figure 4.2 shows the SExtractor segmentation
maps with pixels having a non zero value in the map being excluded from the fitting process.
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4.2 Photometric Decomposition
I obtained the structural parameters of the host galaxies by performing 2D fitting with GALFIT3
(Peng et al. 2010). GALFIT3 constructs analytic fits to galaxy images, allowing multi-component
functions representing bulge, disc, bar, point-source and sky background components. GALFIT3
uses the Levenberg-Marquardt technique to find the best fit. The GALFIT3 algorithm uses this
nonlinear least- squares technique to minimise the χ2 residual between the galaxy image and
the model by modifying all the free parameters and accepting them when the χ2 is reduced.
The normalised χ2 is in the form:
χ2 =
1
N
nx∑
1
ny∑
1
( fdata(x , y)− fmodel(x , y))2
σ(x , y)2
(4.1)
where N is the number of degrees of freedom in the fit, nx and ny are the x and y image
dimensions, fdata(x , y) is the image flux at pixel (x , y), and fmodel(x , y) is the sum of all the
functions flux at the same pixel. The term σ(x , y) is the Poisson error at each pixel position.
The σ(x , y) value can be estimated internally by GALFIT3 based on the gain and read-noise
values found in the header of each galaxy image or provided separately as a FITS image.
Pixels contained in the mask image are not included in the χ2 calculation.
The background is kept fixed to the value derived in Section 4.1.1. GALFIT3 convolves the
model with the point-spread function (PSF, see Section 4.1.2) to account for the results of at-
mospheric seeing. The free parameters for each component are the magnitude, the scalelength
(rs)/effective radius (re), the concentration index n for the Sérsic models (Sérsic index), the
axis ratio, and the position angle.
I modelled the radial light distribution of each galaxy using combinations of the following
analytic functions: a Sérsic function (see Equation 4.2) to model elliptical galaxies, the bulge
and/or the bar of lenticular and spiral galaxies; an Exponential function (Equation 4.2 where
n = 1) to model the disc of the galaxy and a Moffat function to model/mask the central part
of one elliptical galaxy. For some bar-less disc galaxies the combination of a Sérsic plus an
exponential component was insufficient to model the galaxy. In these cases I modelled the
galaxies with a combination of two Sérsic functions. The Sersic (1968) function is given by:
I(r) = Ie exp
¨
−bn

r
re
1/n
− 1
«
(4.2)
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where Ie is the intensity at the effective radius (re), n is the Sérsic index and bn is a function of
n. The value of bn can be derived from Γ = 2γ(2n, bn) and is used so that the effective radius
encloses half of the total luminosity (see Graham & Driver 2005). When the Sérsic index is
fixed to n = 4, 1 or 0.5 the Sérsic profile is identical to the well known de Vaucouleurs,
exponential or Gaussian profile, respectively.
For the first run of GALFIT3 I performed a single Sérsic model fit for all galaxies assuming
that the distribution of light can be described with a single component. The first run used
initial values for the free parameters as implied by SExtractor. The magnitudes derived
from the single Sérsic model were compared with the 2MASS magnitudes. The 2MASS mag-
nitudes agreed with the single component magnitudes except for two galaxies, NGC4343 and
NGC4486A (see Figure 4.3). For those cases where an additional component was required,
either due to a poor Sérsic fit or an obvious disc in the images, a second run was conducted.
The output parameters of the first run were then used as input parameters for the second
run of GALFIT3. The second run used two-component (i.e. Sérsic bulge - exponential disc) for
disc galaxies. The Sérsic bulge plus exponential disc model for the lenticular galaxy NGC4564
was still deficient and so a double Sérsic model was adopted for a third run. Note that the
resulting Sérsic index for the disc of this galaxy was found to be 1.3 which is plausibly close
to the value of the exponential function (n= 1).
In one case, the disc galaxy NGC4459 the Sérsic plus disc fit was not sufficient to model
the galaxy. After trying to model the galaxy by applying a single Sérsic model or combining
extra functions I conclude that NGC4459 can been modelled better with a combination of a
Sérsic function and a Moffat function. The Moffat function in GALFIT3 has five free param-
eters: the total magnitude, the FWHM, the beta powerlaw, the axis ratio and the position
angle. I fixed the FWHM and the beta parameter to values that I derived through the task
IRAF/psfmeasure.
As described above, the outputs of the second run were used as input for the third run for
galaxies whose residuals implied the existence of a bar. I applied a third run to galaxies with a
bar component by using a three component model, i.e., Sérsic bulge - Exponential disc - Sérsic
bar. The χ2 of the best fit together of the χ2 of the initial single Sérsic fit for each galaxy are
tabulated in Table 4.3. The high χ2 values of NGC221 and NGC1068 come from the resolved
structure and dominant spirals respectively which are not removed by the models.
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Table 4.3: Column(1): name of the galaxy; Column(2): χ2 of the best single Sérsic fit; Column(3):
χ2 of the best fit chosen; Column(4): functions of the best fit chosen.
Galaxy χ21 χ
2
2 best fit
Name
(1) (2) (3) (4)
NGC 221 9.6 7.9 Sérsic & exponential
NGC 863 1.07 1.05 Sérsic & exponential
NGC 1068 4.9 4.27 2 Sérsic & exponential
NGC 2778 1.035 1.032 Sérsic & exponential
NGC 2960 1.132 1.086 Sérsic & exponential
NGC 3245 1.268 1.268 Sérsic & exponential
NGC 4258 1.259 1.067 Sérsic & exponential
NGC 4261 1.122 1.122 Sérsic
NGC 4303 2.766 0.960 2 Sérsic & exponential
NGC 4342 2.078 1.105 Sérsic & exponential
NGC 4374 1.118 1.118 Sérsic
NGC 4435 1.656 1.043 2 Sérsic & exponential
NGC 4459 1.303 1.303 Sérsic
NGC 4473 1.176 1.176 Sérsic
NGC 4486 1.272 1.272 Sérsic
NGC 4486a 1.018 1.018 Sérsic
NGC 4486b 0.844 0.844 Sérsic
NGC 4552 1.459 1.459 Sérsic
NGC 4564 1.429 1.166 2 Sérsic
NGC 4596 1.374 1.131 2 Sérsic & exponential
NGC 4621 1.327 1.327 Sérsic
NGC 4649 1.163 1.163 Sérsic
NGC 4697 1.612 1.612 Sérsic
NGC 5576 1.049 1.049 Sérsic
NGC 5813 1.975 1.975 Sérsic
NGC 5845 1.079 1.079 Sérsic
NGC 5846 1.971 1.971 Sérsic
NGC 7052 1.656 1.517 Sérsic & exponential
UGC 9799 1.129 1.129 Sérsic
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Figure 4.3: Correlation of this study single Sérsic apparent magnitudes versus the 2MASS apparent
magnitudes.
An additional run was also applied to active galaxies (as indicated by X-ray or Radio
observations) that have a bright nuclei in NIR (corresponding to a point source at UKIRT
resolution). These galaxies are NGC863, NGC4258, NGC4303 and NGC4435. In these cases
I model the nucleus as a PSF. It is not always clear whether introducing the PSF component
improves the model or not and for this reason I provide two models for some active galaxies,
one with and one without the PSF. Table 4.4 lists the main profile for each galaxy, which is
used to derive the Mbh–L, n relations while Table 4.5 shows the alternative profile information.
Massive elliptical and bulge galaxies often exhibit partially depleted cores (i.e. devia-
tions of the profile in the inner regions), this phenomena is well known and the innermost
regions (1-5 per cent of the effective radius) often deviate, see for example Kormendy et al.
(2009) and Glass et al. (2011). While there is relatively little flux involved their presence
can cause in particular difficulties in measuring an accurate Sérsic index. In Section 4.2.2 I
present different methods used by previous studies to fit the core galaxies. GALFIT3 does
not provide a function to model the depleted cores but if I ignore the existence of the core
structure and model the core galaxies with a single Sérsic model I will erroneously weight
the fit to model the inner high signal-to-noise core. Also in the case of some bright galax-
ies the center of the galaxy has been saturated and as a result an artificial drop of counts
appears. I overcome these two problems by excluding the data within several seeing radii
or the saturated area as necessary. The galaxies to which a core mask has been applied
are NGC1068, NGC221, NGC4261, NGC4374, NGC4473, NGC4486, NGC4486A, NGC4621,
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NGC4649, NGC5576, NGC5813, NGC5846 and UGC9799.
When the minimisation is complete, GALFIT3 produces FITS files for the original image,
the model, the residual and the individual images for each component. The decision of keep-
ing or removing an extra component on a case by case study of 29 galaxies sample, cannot
be based on the reduction of the χ2. Computer algorithms like GALFIT3, do not have the
ability to check if the sub-components models overlap in the same physical region (e.g. PA,
effective radius and ellipticity). For instance, a galaxy model produced by a combination of
three functions can have a smaller χ2 compared with a two function model but when you
individually check the sub-component you could find that two of the three functions try to fit
the same component, so the overall model has no physical meaning. Visual inspection, on the
other hand, can easily determine the necessity of an extra component.
Also, the number of functions used to fit a galaxy depends on the scientific goal of each
study. If the purpose is to measure the total flux of a galaxy then a single function is sufficient.
However, if the intent is to measure the bulge luminosity the user has to check the residuals
produced by a single component fit and check for structures. Residual structures are produced
when the model function cannot fit the surface brightness profile and they reveal extra flux in
a form of an additional component that was omitted from the fit.
To visually examine the goodness of the fit I use IRAF ELLIPSE to produce a 1D profile of
both the input galaxy, the fit and the each sub-component. This process ensures that the data
and models are inspected in an identical manner with the position angle and the axis ratio
of the ellipses were fixed to the values that GALFIT3 has estimated for the bulge/spheroid. I
placed the resulting ellipses onto both the model image and the sub-component images of the
model. With this test I can see if the azimuthally measured surface brightness along the major
axis of the model is in agreement with the surface brightness profile of the galaxy, and also
the contribution to the overall profile from each component. The derived surface brightness
profiles are displayed in Figures 4.6-4.34 together with the image of the galaxy, the residual,
the model, the sub-components and the PSF as indicated. It is important to stress that these
profiles are not an output of GALFIT3 but simply an inspection tool that processes the original
image and GALFIT3 output in an identical manner.
The apparent magnitudes produced by GALFIT3 are converted into absolute magnitudes
using the values of distance (d) and extinction (AK) as listed in 5.1 and Tables 4.1.
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Figure 4.4: Top panels: The uncertainty on the individual spheroid magnitude due to ±1 sigma
uncertainty of the sky value as a function of the spheroid magnitude. Bottom panels: The same as the
top panels for Sérsic indexes.
The faint limit in surface brightness to which the fits are deemed reliable varies for each
image from 20.6 mag arcsec−2 to 22.7 mag arcsec−2. Five galaxies (NGC221, NGC2960,
NGC4473, NGC4621 and UGC9799) in the sample are located at the edge of their cutout.
These galaxies cannot be profiled "down to their faint surface brightness limit". After test-
ing the model surface brightness profile with IRAF ELLIPSE following the method described
above for these five galaxies I decided that their derived parameters are robust (see Fig-
ures 4.6,4.10,4.19,4.26 and 4.34).
4.2.1 Uncertainties
In Section 4.1.1 I measured the background sky value as accurately as the image quality
allows. However, small variances on the mean sky value can significantly modify the output
values (see Appendix B for additional sky value uncertainties). To calibrate the errors due to
sky uncertainty I re-run GALFIT3 using the best-fit values but changing the mean sky level by
±1 sigma (where sigma is the uncertainty to which the mean sky level is known and listed
in column 4 of Table 4.2). These two additional runs provide me with 1σ uncertainties for
the magnitudes and the Sérsic indices required for deriving robust Mbh–L, n relations (see
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Figure 4.5: Left panel: Correlation of the spheroid absolute magnitudes of the best fit for two different
PSFs. Right panel: The same as the left panel for Sérsic indexes. The black line in both panels is the
1-1 relation.
Section 5.1 ). The uncertainty of the absolute magnitude and Sérsic index values is shown in
Figure 4.4.
The dominant systematic uncertainty is the validity of the choice of function(s) to describe
the light distribution of a galaxy. Most galaxies in the sample leave residual structures after
removing the model, which may indicate smaller components that have not been modelled. In
those cases where I see ambiguity I refit with/without the ambiguous component and report
for completeness the alternative results in Table 4.5.
Finally I test the uncertainty introduced by the PSF. To explore this I re-run GALFIT3 using
the best-fit values but changing the PSF that GALFIT3 uses for convolution (see Figure 4.5
and Section 4.1.2). I find that the uncertainty introduced by the PSF (∆M = 0.02, ∆n= 0.2)
is small compared with the sky value uncertainty.
4.2.2 Notes on Modelling for Individual Galaxies
NGC221 (M32), M31’s closest satellite, has a contaminated brightness profile due to the M31
disc. The contaminated light has a gradient from north-west, where it takes the maximum
value, to south-east. Previous studies have excluded the inner 10 arcsec from their studies
(Kent 1987; Graham 2002; Choi et al. 2002). Graham (2002) found that NGC221 can be best
profiled with a bulge/disc model (nbulge = 1.51) while Hu (2009) found nbulge = 4.00 plus
disc1.
NGC863 (Mkr590) is a Seyfert 1 galaxy with a broad line spectrum.
1Hu (2009) use the two dimensional bulge/disc decomposition program BUDDA and K-band images while Graham
(2002) use the 1D algorithm UNCMND and R-band images.
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NGC1068 (M77) is one of the most well studied barred spiral galaxies. The main bar was first
observed in the NIR by Scoville et al. (1988) while other studies have observed multiple bars
(Schinnerer et al. 2000; Erwin 2004). The nucleus hosts a Seyfert1-2 source with a double
jet observed in the radio (Gallimore et al. 1996) making the mid- and near- IR nuclei (inner
4 arcsec) appear extremely red (Alonso-Herrero et al. 1998; Weinberger et al. 1999; Bock
et al. 2000). Drory & Fisher (2007) identify the existence of a pseudobulge based on the
nuclear structure of the galaxy. Hu (2009) found nbulge = 1.51, nbar = 0.7 plus an exponential
disc.
NGC2778 has been classified as an elliptical galaxy but Graham & Driver (2007)2 showed
that it can be described better with a Sérsic bulge nbulge = 1.6 plus a exponential disc which
indicate a lenticular galaxy. This conclusion is also supported also from kinematical studies
(Rix et al. 1999).
NGC2960 (Mrk1419) No previous information.
NGC3245 Kinematical studies show circularly rotating discs (Walsh et al. 2008). Hu (2009)
found nbulge = 3.9 plus an exponential disc.
NGC4258 (M106) A barred-spiral Seyfert galaxy that has been studied extensively over a
broad band of wavelengths. The nucleus contains an edge-on warped accretion disc with
radio jet (Herrnstein et al. 1997) and strong maser emission (Claussen et al. 1984). Both
Graham & Driver (2007) and Hu (2009) used a bulge/disc model and found nbulge = 2.04,
nbulge = 2.6 respectively. Fisher & Drory (2010), found that nbulge = 2.8 in mid-infrared and
presented evidence of pseudobulge characteristics.
NGC4261 is the main elliptical galaxy in a group of 33 galaxies located behind the Virgo
cluster (Huchra et al. 1983). The galaxy corresponds to the radio source (3C 270) which
contains a pair of highly symmetric kpc-scale jets (Birkinshaw & Davies 1985) and an edge-on
nuclear disc of gas and dust in the optical (Ferrarese et al. 1996a; Jones et al. 2000; Ferrarese
et al. 2006b). In X-ray it is possible that the galaxy hosts a heavily obscured AGN (Zezas et al.
2005). The isophotal analysis shows boxy isophotes at large radii both in the optical and NIR
bands (Peletier et al. 1990b; van den Bosch et al. 1994; Ferrarese et al. 1996a; Quillen et al.
2000). Graham & Driver (2007) derived a Sérsic index fit of n= 7.3.
2Graham & Driver (2007) derive their major-axis surface brightness profiles via fitting elliptical isophotes using
IRAF ELLIPSE.
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4.2. Photometric Decomposition
NGC4303 (M61) is a double-barred AGN galaxy (Erwin 2004) with bright star-forming re-
gions in ring around the nucleus and in the spiral arms in the UV (Colina et al. 1997) and
also visible in NIR images (Möllenhoff & Heidt 2001). Weinzirl et al. (2009) performed a
two dimensional bulge-disc-bar decomposition using GALFIT3 on H-band images and derived
n = 1.55,1.0, 0.55 respectively. Fisher & Drory (2010) showed that the spheroid component
of the galaxy is a pseudobulge with nbulge = 1.7.
NGC4342 is an S0 elongated galaxy with disky isophotes (van den Bosch et al. 1994). Bosch
et al. (1998) discovered the existence of a nuclear disc in addition to the outer disc through
analysis of the rotation curve in HST/WFPC2 U-, V- and I-band imaging.
NGC4374 (M84, 3C272.1) is a radio elliptical galaxy. Graham & Driver (2007) found nbulge =
4.97 while Kormendy et al. (2009) found nbulge = 7.9 after excluding the inner 4.2 arcsec3.
NGC4435 has boxy isophotes in the inner region and disky isophotes at large radii (Ferrarese
et al. 2006b).
NGC4459 is a Virgo lenticular galaxy. Hu (2009) modelled NGC4459 with two components
(bulge/disc nbulge = 2.5). Kormendy et al. (2009) classified NGC4459 as an elliptical galaxy
and estimated a Sérsic index of n= 3.16.
NGC4473 is an elliptical galaxy with primarily disky isophotes (Bender et al. 1988; van den
Bosch et al. 1994). Its unusual surface profile brightness has aroused plenty of interest, e.g.,
Byun et al. (1996); Pinkney et al. (2003); Ferrarese et al. (2006b); Krajnovic´ et al. (2006).
The distribution of light in the inner part of the galaxy is dominated by a counter-rotating
stellar disc (Cappellari et al. 2007). Kormendy et al. (2009) modelled the galaxy by excluding
the inner 23 arcsec and measured a Sérsic index of n= 4.0 in agreement with the 2D profiling
of Hu (2009). Graham & Driver (2007) found a Sérsic index of n= 2.73.
NGC4486 (M87) is the second brightest elliptical Virgo galaxy and classified as a cD due to
extra halo light originating from the cluster. Ferrarese et al. (2006b) and Graham & Driver
(2007) agreed on their Sérsic index measurements 6.1 (using Sérsic-core model) and 6.8
respectively while Kormendy et al. (2009) profiled with the extra halo and found n = 11.86.
A big discrepancy in the Sérsic values appears when I transferred to two dimensional profiling
where both D’Onofrio (2001) and Hu (2009) found a significantly low Sérsic index n= 3.0.
3Kormendy et al. (2009) derive their major-axis surface brightness profiles via fitting elliptical isophotes allowing
a boxy/disky parameter to vary (MIDAS/ESO).
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NGC4486A has extra light from the nuclear disc visible in almost all wavelengths. In com-
bination with a very bright star next to the centre it is difficult to provide a reliable fit at
the centre. Ferrarese et al. (2006b); Kormendy et al. (2009); Hu (2009) found Sérsic indices
values 2.7, 2.04 and 4.2 respectively.
NGC4486B is a low-luminosity dwarf galaxy with extra light near the centre and characterised
by a double core (Lauer et al. 1996) which flattens the profile close to the nucleus. Due to
its orbit around NGC4486, a fraction of the light from NGC4486b is actually halo light from
its companion and consequently affects the surface brightness of NGC4486b. Kormendy et al.
(2009) estimated a Sérsic index of n= 2.2 after modelling the additional light from NGC4486
and masking the inner 1.3 arcsec. Soria et al. (2006) found n= 2.7.
NGC4552 (M89) Caon et al. (1993) first profiled this S0 galaxy with a single Sérsic index of
n =13.87 excluding the inner 2 arcsec while Kormendy et al. (2009) applied the same model
and found n = 9.1. Ferrarese et al. (2006b) applied a core-Sérsic model and found n = 7.1.
Finally in two-dimension modelling D’Onofrio (2001) and Hu (2009) used a bulge/disc model
(nbulge = 4.2,4.6 ) yielding a much lower n value.
NGC4564 has been classified as elliptical in RC3 while Trujillo et al. (2004) classified it as an
S0 galaxy. The existence of the disc is also verified by Graham & Driver (2007) and Kormendy
et al. (2009) with a bulge Sérsic index value of 3.15 and 4.69 respectively. Also Hu (2009)
found nbulge = 3.6 plus an exponential disc.
NGC4596 bar properties have been studied by Kent (1990) and Erwin (2005). Hu (2009)
found nbulge = 3.3, nbar = 1.0 plus an exponential disc.
NGC4621 (M59) Ferrarese et al. (2006b) and Kormendy et al. (2009) profiled NGC4621 with
a single Sérsic index and found nbulge = 6.8 and 5.36 respectively. While Hu (2009) applied a
bulge/disc model and found nbulge = 4.1.
NGC4649 Ferrarese et al. (2006b) found nbulge = 4.7 plus core while Graham & Driver (2007)
and Hu (2009) fitted single Sérsic model and derived nbulge = 6.04 and 3.4 respectively.
NGC4697 Graham & Driver (2007) measured n = 4.0 while Hu (2009) found nbulge = 3.0
plus an exponential disc.
NGC5576 is an elliptical galaxy which Trujillo et al. (2004) profiled with both a single Sérsic
model (n= 4.47) and a Sérsic plus core model (n= 4.89).
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NGC5813 is an elliptical galaxy with a core (Lauer et al. 1995; Rest et al. 2001). Hu (2009)
profiled with a bulge/disc model nbulge = 4.6.
NGC5845 is a dwarf elliptical galaxy in the group of NGC5846 with an unusually high central
surface brightness. It hosts a nuclear disc and dust disc that extends to 15 arcsec on the major
axis (Peletier et al. 1990a; Quillen et al. 2000; Mahdavi et al. 2005). Graham & Driver (2007)
and Trujillo et al. (2004) performed 1D profiling of the V-band images and derived a Sérsic
index of n = 3.22 (single Sérsic fit) and n = 2.88 (Sérsic fit plus core fit) respectively. Hu
(2009) found n= 4.6.
NGC5846 is the main galaxy in an isolated group of 250 galaxies (Mahdavi et al. 2005) with a
compact radio core at the optical centre (Moellenhoff et al. 1992). Forbes et al. (1997) found
slightly boxy isophotes in central regions while Rest et al. (2001) argued that due to strong
dust filaments it is not possible to study the nucleus and have reliable information about the
isophotal shape. Hu (2009) modelled the galaxy light profile with a single Sérsic and found
n= 3.1.
NGC7052 is an isolated radio galaxy with an edge-on dust ring along the major axis (Nieto
et al. 1990) and nuclear disc of gas/dust (de Juan et al. 1996) which affects the boxy/disky
measurements of isophotes in the outer regions of the galaxy (Quillen et al. 2000). Graham
& Driver (2007) and Hu (2009) modelled the galaxy light profile and estimated Sérsic indices
of n= 4.55 and 3.4 respectively.
UGC9799(3C 317) is the central elliptical galaxy (cD morphological class; cf. Seigar et al.
2007) of the cooling flow cluster, Abell 2052. It features a central X-ray excess and is host to
an active galactic nucleus (AGN) evident as a bright, steep-spectrum radio source (e.g. Roland
et al. 1985; Zhao et al. 1993) with a compact optical counterpart (Castro-Rodríguez & Garzón
2003; Seigar et al. 2007). Seigar et al. (2007) and Donzelli et al. (2007) also identify a distinct
outer halo to UGC 9799 (consistent with its classification as a cD morphological type) in
Jacobus Kapteyn Telescope R-band and HST NICMOS H-band (F160W) imaging respectively.
After masking the inner ∼1-2 arcsec (to exclude the central AGN) and modelling the outer
halo with an exponential light distribution, these authors recovered Sérsic index fits of n= 1.2
and 2.3 to its major-axis surface brightness profile respectively4.
4Both Seigar et al. (2007) andDonzelli et al. (2007) derived their major-axis surface brightness profiles via fitting
of ‘perfect’ (i.e., non-boxy/disky) elliptical isophotes to their galaxy images using IRAF ELLIPSE.
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GALFIT3 fits to all these galaxies are shown in Figures 4.6 - 4.34 and the results of these
profiles are tabulated in Table 4.4. Where the number of components is ambiguous I show the
alternative profiles and tabulate its results in Table 4.5.
4.3 Summary
I used GALFIT3 to produce 2D surface-brightness photometry on K-band images and decom-
posed the different components of the host galaxy. I carefully modelled all the components of
each galaxy and derived estimates of the various structural parameters for each galaxy along
with a concise discussion of each galaxy’s previous studies at optical wavelengths.
For a sample of 29 galaxies taken by WFCAM as part of the UKIDSS-LAS, I provide new
estimations of the galaxy component luminosities and light profile shapes for galaxies for
which SMBH masses have been measured using of K-band photometry.
In many cases there is uncertainty as to how many components are required to profile a
galaxy, which components are fundamental and which secondary. For these cases a secondary
profile was provided. Additionally I notice that 2D analysis appear to have an upper limit of
n∼ 5. Especially, massive elliptical galaxies like NGC4261, NGC4486 and NGC4552 appear to
have small Sérsic indexes in comparison to previous 1D measurements at optical wavelengths.
In the case of NGC4486 I suspect that the sky gradient of the image obstructed me from fitting
the halo of the galaxy correctly. The discrepancy between the different Sérsic values therefore
appears to be a result of either the method used to model the galaxy (i.e. 1D vs 2D) and/or
the transfer from optical wavelength to K-band images.
Kelvin et al. (in preparation) perform multi-wavelength 2D profiling in nine bands, from
u-band to K-band, with GALFIT3, finding no important change of Sérsic indices for early-type
systems in moving from r-band to NIR. However discs and disc components are noted to show
an increase in Sérsic index with wavelength and lowering in half-light radii. It appears then
that the distinction between disc and bulge is less pronounced in the NIR data compared to
the optical, which makes the fitting process more problematic.
Also, a further cause of the mismatch could be the different pixel weighting adopted by
1D v 2D studies. GALFIT3 weights pixels using a sigma (weight) map. The sigma map shows
the one standard deviation of counts at each pixel. Such maps can be created by the program
itself or supplied by the user. I chose to follow the GALFIT3 manual suggestion and let the
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program create the maps internally. The only input values required for the sigma images to
be produced internally are the gain and read-noise.
Another known source of uncertainty of the Sérsic index is the switch from major axis
fitting to minor axis fitting (Caon et al. 1993). Ferrari et al. (2004) showed that major and
minor axis Sérsic index mismatch occur when there are radial variations of the isophotal
eccentricity.
I believe that the low Sérsic indices in this case are caused by a combination of the use
of 2D fitting in conjunction with the difficulty to distinguish the bulge and disc components
in NIR data. While I cannot rule out minor errors in the profiling process I have explored a
variety of alternative fits with extensive masking.
In the next Chapter I will use the magnitude and Sérsic values measured for the 29 UKIDSS
to construct the Mbh–L, n relations in the near-IR.
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Figure 4.6: Two-dimension decomposition for NGC221. Left Panels: I display the original image, the
residuals, the original image with IRAF ELLIPSE ellipses on top, the final model, the sub-components
and the PSF which GALFIT3 used to convolve the original image. Right Panels from top to bottom:
surface brightness µ, the deviation of the galaxy surface brightness (red line) from the model surface
brightness, the ellipticity ε and the position angle PA of the bulge. The black circles indicate the surface
brightness profiles of the original image while the red line the surface brightness from the model as
ELLIPSE measures them. The rest of the lines correspond to each of the sub-components. The colour
of each line corresponds to the colour of the legend found on the left panel. The black line error
bars show the uncertainty of estimating the surface brightness due to uncertainty of measuring the
sky value. The red line error bars indicates the uncertainty of IRAF ELLIPSE to measure the surface
brightness. The red vertical line indicate the use of a mask that prevents GALFIT3 from profiling the
core of the galaxy.
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Figure 4.7: NGC863 has been classified as a spiral galaxy. The layout is as in Figure 4.6.
Figure 4.8: At the nuclei of the galaxy arise an artificial drop of counts. To prevent GALFIT3 profiling
this inner part I masked the nuclei with a box of 1.5 arcsec2. The layout is as in Figure 4.6.
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Figure 4.9: The surface brightness profile for NGC2778. The layout is as in Figure 4.6.
Figure 4.10: The location of the galaxy on the image does not permit GALFIT3 to profile the galaxy
further than 35 arcsec. But even under this limitation GALFIT3 output look to be realistic so I trust
the bulge properties. The layout is as in Figure 4.6.
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Figure 4.11: GALFIT3 results are in agreement with the kinematics studies that show existence of
disc. The layout is as in figure 4.6.
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Figure 4.12: The surface brightness profile for NGC4258 for two different fits: (a) Sérsic+ exponential
model + PSF nuclei and (b) double Sérsic + exponential model + PSF nuclei. The layout is as in
Figure 4.6.
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Figure 4.13: For the NGC4261 galaxy GALFIT3 generate low Sérsic index model compared to the one
dimensional pre-existing models. I masked the inner 2 arcsec. The layout is as in Figure 4.6.
Figure 4.14: The surface brightness profile for NGC4303. The layout is as in Figure 4.6.
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Figure 4.15: The layout is as in Figure 4.6. IRAF ELLIPSE outer ellipses are contaminated with extra
light from the satellites as a result the model surface brightness mismatch IRAF ELLIPSE points.
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Figure 4.16: NGC4374 has been classified as an high Sérsic index elliptical galaxy from previous
studies. I believe that NGC4374 can also be profiled with a two components model. The layout is as in
Figure 4.6.
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Figure 4.17: The surface brightness profile for NGC4435 for different fits: (a) double Sérsic + expo-
nential model and (b) double Sérsic + exponential model + PSF nuclei. The layout is as in Figure 4.6.
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Figure 4.18: NGC4459 has been classified as an S0 or as an elliptical galaxy from different studies.
GALFIT3 profiles show that is an elliptical galaxy with an extra light in the center that need to be mask
or profiled. I found that the function that describes better this core light is the Moffat function. For
more details about how I apply the Moffat function see Chapter 4. The layout is as in Figure 4.6.
Figure 4.19: NGC4473 has been classified as an elliptical galaxy with an inner rotating disc. I masked
the inner 2.8 arcsec. The layout is as in Figure 4.6.
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Figure 4.20: M87 is an elliptical galaxy with a recognisable jet in most of the wavelengths. I masked
the inner 7.5 arcsec. Notice the Sérsic index variance between one dimensional and two dimensional
profiles. The layout is as in Figure 4.6.
Figure 4.21: For profiling NGC4486A I masked the inner 7 arcsec where the flux is contaminated by a
star placed next to the core of the galaxy. The layout is as in Figure 4.6.
82
4.3. Summary
Figure 4.22: NGC4486B has been characterised as a low luminosity cE0 with extra light in the center.
Surface brightness profile for NGC4486B for two different fits: (a) single Sérsic and (b) Sérsic +
exponential. The layout is as in Figure 4.6.
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Figure 4.23: Notice the Sérsic index variance between one dimensional and two dimensional profiles.
The layout is as in Figure 4.6.
Figure 4.24: The NGC4564 best fit is with a double Sérsic model. The layout is as in Figure 4.6.
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Figure 4.25: The surface brightness profile for NGC4596. The layout is as in Figure 4.6.
Figure 4.26: NGC4621 has been classified as an S0 and as an elliptical galaxy from different studies.
I do not find evidences of a disc but the existence of a core which I masked (3.6 arcsec). The layout is
as in Figure 4.6.
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Figure 4.27: The surface brightness profile for NGC4649, I masked the inner 5.2 arcsec. The layout is
as in Figure 4.6.
Figure 4.28: The surface brightness profile for NGC4697. The layout is as in Figure 4.6.
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Figure 4.29: The surface brightness profile for NGC5576, I masked the inner 5.2 arcsec. The layout is
as in Figure 4.6.
Figure 4.30: The surface brightness profile for NGC5813, I masked the inner 2 arcsec. The layout is
as in Figure 4.6.
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Figure 4.31: The surface brightness profile for NGC5845. The layout is as in Figure 4.6.
Figure 4.32: The surface brightness profile for NGC5846, I masked the inner 5.2 arcsec. The layout is
as in Figure 4.6.
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Figure 4.33: Previous studies model NGC7052 with a single Sérsic model. I found the galaxy can be
profiled accurate by adding an additional component. The layout is as in Figure 4.6.
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Figure 4.34: The surface brightness profile for UGC9799, I masked the inner 2 arcsec. The galaxy is
placed at the edge of the image that makes difficult to constrain the fit. The layout is as in Figure 4.6.
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The near-IR Mbh–L and Mbh–n relations
In this Chapter I aim to reconstruct the Mbh–L, n relations in the near-IR by using high res-
olution UKIRT Infrared Deep Sky Survey (UKIDSS, Lawrence et al. 2007) images which I
photometrical analysed in Chapter 4. For this purpose I will assume that the SMBH black
hole mass connects with the luminosity and the Sérsic index following a relation of the form
y = α+ β x . This work within this Chapter together with Chapter 4 has been published in
Vika et al. (2011).
5.1 Fitting Methodology
In Figure 5.1 I plot the black hole masses versus the absolute bulge/elliptical K-band magni-
tude of the host galaxies. The fitting algorithm used to estimate the linear Mbh–L relation and
the log-linear Mbh–n relation is the regression analysis given in Tremaine et al. (2002)
χ2 =
N∑
i=1
(yi −α− β x i)2
δ y2i + β
2δx2i
(5.1)
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where x = log n or x = MK,sph, y = log(Mbh/M) and δ yi , δχi are the errors of the x and
y measurements. Tremaine et al. (2002) inserted the intrinsic scatter ε0 of the Mbh–n, L
correlations by replacing δ yi with (δ y2i + ε
2
0)
1/2. Where ε0 is computed by repeating the fit
until χ2/(N − 2) = 1. The uncertainty on the ε0 is estimated when χ2/(N − 2) = 1±
p
2/N .
Here I assume that the errors cited in the literature are 1σ uncertainties if not clearly
stated. I now implement a Monte Carlo method to derive the errors. To do this I randomly
perturb each SMBH mass and the galaxy magnitude in each case assuming a Normal error
distribution. I repeat the fit 1001 times, each time applying equation 5.1, assuming that the
uncertainty is zero, consequently δ y and δx are zero.
The final values for the intercept α and the slope β are then derived from the median
value of the 1001 individual sets of α and β values while the δ y and the δx are the stan-
dard deviations. I can see an illustration of the method in the bottom of the right panel of
Figure 5.1. The 1001 red points shows the measurement distribution for NGC221 around the
mean value. There are an equal number of points in each quadrant.
5.1.1 Robustness of Mass Measurements
I include galaxies with SMBH masses measured with stellar kinematics, gas kinematics, wa-
ter masers, stellar proper motion and reverberation mapping (see Table 5.1). The masses
for NGC2778, NGC4473, NGC4564, NGC4697 and NGC5845 have been modified from their
initial published values due to an update of their distances (see Graham et al. 2010). This
sample includes 15 elliptical galaxies and 14 disk galaxies.
A number of galaxies (NGC863, NGC4435, NGC4486b and UGC9799) have poorly con-
strained mass measurements. NGC863 is the only galaxy in this sample for which the SMBH
mass has been estimated via the method of reverberation mapping. Reverberation mapping
masses use the local Mbh–σ relation to normalise their values. Figure 5.1 shows that NGC863
is offset from the expected relation by ∼1dex while the virial mass estimation appears to be
rather consistent with the Mbh–L relation. NGC4435 and UGC9799 have only upper limit on
their SMBH mass estimations. NGC4486b SMBH mass measurement has been characterised
as weak while the mass estimation models show a possibility of zero mass black hole. For
these reasons the above referred galaxies have been excluded from the following fits.
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Table 5.1: Galaxy Sample; Column(2): The distances have come from Tonry et al. (2001) unless
otherwise specified. Column(3): The black hole masses have been adjusted to the distance given
in column 2. Column(4): The method of measuring the black hole mass: s-stellar kinematics, g-
gas kinematics, m-water masers, p-stellar proper motion and r-reverberation mapping. Column(5-6):
Sérsic indices and their band. References: (1)Verolme et al. 2002; (2)Peterson et al. 2004; (3)Lodato
& Bertin 2003; (4)Gebhardt et al. 2003; (5)Henkel et al. 2002; (6)Barth et al. 2001; (7)Herrnstein
et al. 1999; (8)Shen & Gebhardt 2010; (9)Siopis et al. 2009; (10)Ferrarese et al. 1996a; (11)Pastorini
et al. 2007; (12)Jerjen et al. 2004; (13)Cretton & van den Bosch 1999; (14)Maciejewski & Binney
2001; (15)Coccato et al. 2006; (16)Sarzi et al. 2001; (17)Macchetto et al. 1997; (18) Ferrarese et al.
1996b; (19)Nowak et al. 2007; (20)Valluri et al. 2004; (21)Kormendy et al. 1997; (22) Cappellari
et al. 2008; (23)Dalla Bontà et al. 2009 ; (24)NED/Virgo + GA + Shapley corrected Hubble flow
distances; (25)van der Marel & van den Bosch 1998 ; (26)Graham & Driver 2007 ; (27)Kormendy
et al. 2009; (28)Seigar et al. 2007; (29)Gültekin et al. 2009a; (30)Gebhardt & Thomas 2009; .
Galaxy Distance Mbh method- nsph Band-
Name (Mpc) (108M) ref (mag) ref
(1) (2) (3) (4) (5) (6)
NGC221 0.86 0.025+0.005−0.005 s-1 1.32 R-26
NGC863 7.4 (24) 0.47+0.074−0.074 r-2 / /
NGC1068 15.2 (24) 0.084+0.003−0.003 m-3 / /
NGC2778 22.3 0.15+0.09−0.10 s-4 1.60 R-26
NGC2960 72.8 (24) 0.12+0.03−0.03 m-5 / /
NGC3245 20.9 2.1+0.5−0.5 g-6 / /
NGC4258 7.2 (7) 0.3+0.2−0.2 s-9 2.04 R-26
NGC4261 31.6 5.2+1.0−1.1 g-10 7.30 R-26
NGC4303 16.1 (18) 0.006-0.16 g-11 / /
NGC4342 17.0 (12) 3.3+1.9−1.1 s-13,20 / /
NGC4374 18.4 4.64+3.46−1.83 g-14 5.60 V-27
NGC4435 14.0(24) <0.075 g-15 / /
NGC4459 16.1 0.70+0.13−0.13 g-16 3.17 V-27
NGC4473 15.3 1.2+0.4−0.9 s-4 2.73 R-26
NGC4486 16.1 34+10−10 g-17 11.84 V-27
NGC4486a 17.0 (12) 0.13+0.08−0.08 s-19 2.04 V-27
NGC4486b 17.0 (12) 6.0+3.0−2. s-21 2.2 V-27
NGC4552 15.3 4.8+0.8−0.8 s-22 9.22 V-27
NGC4564 14.6 0.60+0.03−0.09 s-4 3.15 R-26
NGC4596 17.0 (18) 0.79+0.38−0.33 g-16 / /
NGC4621 18.3 4.0+0.6−0.6 s-22 5.36 V-27
NGC4649 16.8 22.0+4.0−6.0 s-4 6.04 R-26
NGC4697 11.4 1.8+0.2−0.1 s-4 4.00 R-26
NGC5576 24.8 1.8+0.3−0.4 s-29 / /
NGC5813 32.2 7.0+1.1−1.1 s-22 / /
NGC5845 25.2 2.6+0.4−1.5 s-4 3.22 R-26
NGC5846 24.9 11.0+2.0−2.0 s-22 / /
NGC7052 66.4 (24) 3.7+2.6−1.5 g-25 4.55 R-26
UGC9799 141 (23) <46.0 g-23 1.4 R-28
Table 5.2: Galaxy Sample - Additional SMBH mass - galaxy distance measurements. The layout is as
in Table 5.1.
Galaxy Distance Mbh method-
Name (Mpc) (108M) ref
(1) (2) (3) (4)
NGC4486 17.9 64+5−5 s-30
NGC4649 15.7 45+10−10 s-8
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5.2 Mbh–L correlation
Figure 5.1 shows the Mbh–L distribution for the UKIRT full sample with the error bars shown
in the right panel and various symbols indicating the morphological characteristics in the left
panel. The black solid line together with the uncertainty (dashed lines) are the best linear
fits in the form log(Mbh/M) = β(±δβ)(MK+Mtyp)+α(±δα). The choice of the pivot point
(Mtyp=17, 18 or 22) is based on minimising the intercept error value (δβ) and also keeping
the intrinsic scatter in the minimum value. The minimisation established by applying Equation
5.1 to the trustworthy sample of 25 galaxies, excluding NGC863, NGC4435, NGC4486b and
UGC9799. In doing so, I derive:
log(Mbh/M) = − 0.35(± 0.024)(MK+ 18) + 6.2(± 0.13) (5.2)
with an intrinsic scatter of 0.52+0.1−0.06 dex in log Mbh. This level of intrinsic scatter is relatively
high and may arise from the varied morphological mix of the sample (see Table 4.4).
Wanting to to test how different morphological types of galaxies and uncertain magnitude
measurements affect the Mbh–L correlation, I applied the Equation 5.1 in different subsam-
ples. If I additionally exclude the extreme outlying galaxy NGC4342 from the regression
analysis I derive:
log(Mbh/M) = − 0.40(± 0.03)(MK+ 18) + 5.9(± 0.17) (5.3)
with an intrinsic scatter of 0.46+0.08−0.05dex in log Mbh for a subsample of 24 galaxies.
If I exclude the NGC4342 and the low quality image cD galaxy, NGC4486 (see Section 5.3)
from the regression analysis I derive:
log(Mbh/M) = − 0.38(± 0.03)(MK+ 18) + 6.0(± 0.16) (5.4)
with an intrinsic scatter of 0.43+0.08−0.05dex in log Mbh for a subsample of 23 galaxies.
If I also exclude the barred galaxies (NGC1068, NGC4258 , NGC4303 and NGC4596)
for which bulge fluxes are considered the most uncertain, and the extreme outlying galaxy
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NGC4342 from the regression analysis I derive:
log(Mbh/M) = − 0.37(± 0.03)(MK+ 18) + 6.1(± 0.18) (5.5)
with an intrinsic scatter of 0.43+0.09−0.06dex in log Mbh for a subsample of 20 galaxies.
Finally, if I exclude the barred galaxies and the NGC4342,NGC4486 galaxies, I find:
log(Mbh/M) = − 0.36(± 0.028)(MK+ 18) + 6.17(± 0.16) (5.6)
with an intrinsic scatter of 0.40+0.09−0.05dex in log Mbh for a secure high quality subsample of 19
galaxies.
Hu (2009) argued that pseudobulges follow a distinct relation. I do not have the required
resolution or kinematical information to distinguish pseudobulges in our sample. However I
can identify four galaxies as containing pseudobulges from the literature (see Section 4.2.2).
If I exclude these four pseudobulge (NGC1068, NGC4258, NGC4303 and NGC4342) and
NGC4486 I now find:
log(Mbh/M) = − 0.36(± 0.028)(MK+ 17) + 5.79(± 0.20) (5.7)
with an intrinsic scatter of 0.39+0.082−0.05 dex in log Mbh for a subsample of 20 galaxies.
When I apply the equation to the elliptical subsample consisting of 13 galaxies (again
excluding NGC4486) I obtain:
log(Mbh/M) = − 0.42(± 0.06)(MK+ 22) + 7.5(± 0.15) (5.8)
with an intrinsic scatter of 0.31+0.087−0.047dex in log Mbh.
The red dotted line in Figure 5.1 shows the Marconi & Hunt (2003) relation after Graham
(2007) corrections have been applied. This relation has been derived from a sample of 26
galaxies (9 of which are within this Chapter sample) and has an intrinsic scatter of 0.35 dex
(the best fit of Marconi & Hunt (2003) full sample, consisting of 37 galaxies gives an intrinsic
scatter 0.51 dex). From Figure 5.1 I see that the Mbh–L relation found in this study is consis-
tent with previous measurements. Previous NIR Mbh–L relations are based on 2MASS data.
The shallow nature of the 2MASS imaging makes it difficult to identify faint components of a
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Figure 5.1: Left panel: The Mbh–LK relation for the full sample (solid line) with 1σ uncertainty
(dashed line). The circles with a cross indicate elliptical galaxies. The yellow rectangular symbol
denotes galaxies with a bar. The red dotted line comes from Graham et al. (2007, eq.13). The four
galaxies excluded for the fitting (red crosses) are NGC863, NGC4435, UGC9799 and NGC4486B. The
red star indicates the position of the Milky Way which has not been included in the line fit but shown
merely for reference. The red dashed line connects the two possible black hole masses for the galaxy
NGC863. The red circle indicates the galaxy NGC4486. Right Panel: Same plot as the left panel with
the addition of the individual error bars. See Section 5.2 for details.
galaxy. For instance Marconi & Hunt (2003) misclassified NGC221, NGC2778 and NGC4564
as elliptical galaxies.
I noticed that the intrinsic scatter of the Mbh–L relation is increased when I include barred
galaxies. The increased dispersion of the scatter could be the result of the uncertainty intro-
duced by estimating the individual luminosity for each component. Also, the barred galaxies
in this sample have nuclei activity. Extracting the bulge luminosities for these galaxies is
complex because of the contamination of the bulge flux from active nuclei.
In conclusion I find that UKIRT high quality data replicate but do not improve the in-
trinsic scatter suggesting a genuine spread in the data of ε0 = ±0.31. I note the significant
uncertainty when including multiple component systems ε0 =±0.52.
5.3 Mbh–n correlation
Figure 5.2 shows the Mbh as a function of Sérsic indices in the K-band. The sample selection
is the same as that noted in Section 5.2. Contrary to expectations the Sérsic index values does
not show strong correlation with Mbh.
In Figure 5.3 I compare this study Sérsic indices with Sérsic indices from the literature.
In the left panel of Figure 5.3 I plot Mbh versus the Sérsic indices found in the literature
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for 16 galaxies matching to this Chapter sample. These measurements are derived for R,V-
band images using one dimensional profiling (listed in Table 5.1). The right panel shows
the Mbh versus this study’s Sérsic indices. Testing further how different are the 1D Sérsic
indices found in the literature compared with the 2D Sérsic indices of this study I do a two
sample Kolmogorov-Smirnov (K-S) test. The K-S test finds a p-value equal to 0.2 which is not
sufficient small for claiming that the data are from different distributions. This finding is in
agreement with Beifiori et al. (2011) who found no correlation between Mbh and Sérsic index.
Individual comparisons for each galaxy’s Sérsic index can be found in Section 4.2.2.
The tight relation between the Mbh and Sérsic index found in 1D optical analysis disap-
pears in the 2D NIR study. I notice that 2D analysis appears to have an upper limit of n∼5.
Especially, massive elliptical galaxies like NGC4261, NGC4486 and NGC452 appear to have
small Sérsic indexes. In the case of NGC4486 I suspect that the sky gradient of the image
obstruct me from fitting the halo of the galaxy. The discrepancy between the different studies
therefore appears to be a result of either the method used to model the galaxy (i.e. 1D v 2D)
and/or the transfer from optical wavelength to K-band images.
Further work is required to investigate what causes the breakdown of the Mbh–n corre-
lation. Vika et al. (in preparation) will pursue this by exploring the photometric properties
derived from 1D and 2D fits for a larger sample of ∼200 elliptical galaxies and the contribu-
tion of different pixel weighs.
In conclusion the Mbh–n relation is no longer clearly apparent in the high quality NIR data.
I believe that this is caused by a combination of the use of 2D fitting in conjunction with the
difficulty to distinguish the bulge and disc components in NIR data. As the motivation was
to derive an Mbh–n relation suitable for application to automated GALFIT3 analysis I must
conclude that the Mbh-n relation is unsuitable for such use either because of a breakdown
of the relation when 2D fitting is used or the excessive care required to mitigate the core
deviations.
5.4 Conclusions
One of the main motivations of this study was to derive Mbh–L, n relations using the same
high quality near-IR data and the same methods that applied to the GAMA survey for deriving
Sérsic magnitudes and indices. These relations would be the most suitable for applying to the
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Figure 5.2: The SMBH mass versus the spheroid Sérsic index in the K-band. Different groups of
galaxies are indicated with different symbols as in Figure 5.1. The black dashed line indicates the
Sérsic index of NGC7052 for a single Sérsic fit. The linear and quadratic Mbh–n relation of GD07 are
shown as a red dotted line and a black dashed curve.
GAMA survey in order to derive the SMBH mass function. In this Chapter, I tested the Mbh–
L, n relations using updated SMBH masses and new estimations of the galaxy component
luminosities and light profile shapes.
I have used 25 elliptical and disc systems with classical bulge galaxies to derive the Mbh–L
relation with intrinsic scatter of 0.53. Visual inspection of the Figure 5.1 found that the galaxy
NGC4342 is an extreme outlier. NGC4342 is a small low-luminosity lenticular galaxy seen
edge-on (i = 90o). Possible explanations of this discrepancy are either that not all galaxies
follow the Mbh–L relation or that there is a dependence of the inclination and the tightness of
the relation. The current sample of UKIRT observations is limited and I do not have enough
galaxies with different inclinations to further study the effect of the inclination on the Mbh–L
relation.
Otherwise by excluding the barred galaxies and the cD galaxy NGC4486 I confirm a strong
correlation between the central Mbh and its host galaxy’s spheroid luminosity found from a
number of previous studies. Overall, I see that the scatter of the Mbh–L relation is much
larger when I include barred galaxies, some of which have active nucleus, and the cD galaxy
NGC4486. By modelling the bar or/and masking the the active nuclei of a galaxy I insert
further uncertainty in the bulge measurement. A bar component removes flux from the bulge
while an active nuclei adds flux which is originated by the accretion process occurring at the
center of the galaxy.
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Figure 5.3: Comparison between this study Sérsic index and values from literature. Left panel: Corre-
lations between supermassive black hole mass and the Sérsic index of the spheroid for a subset of my
sample reported from 1D fitting in R,V bands by Graham & Driver (2007); Kormendy et al. (2009);
Seigar et al. (2007). Dotted and dashed lines are GD07 best linear and quadratic fits. Right panel: The
same galaxies as left panel but with the Sérsic indices derived from this study with 2D fit.
On the other hand, bright elliptical galaxies in clusters are characterised by extra halo
(cD) flux. These galaxies have been studied by a number of groups (e.g. Lauer et al. 2007a;
Dalla Bontà et al. 2009) that found that they do not always follow the high end of the Mbh–L
relation. But for the case of the NGC4486 UKIRT image I conclude that the sky gradient of
the image destroys the faint halo of the galaxy, having as a result a higher Mbh/MK ratio.
Additionally, I tested the concept that pseudobulges follow a distinct Mbh–L relation. Hav-
ing a small number of pseudobulges (four) in my sample, the only result I can confirm is
a scatter increase when pseudobulges are included. But three of four pseudobulges in my
sample also contain a bar. This fact complicates the outcome because I can not be sure if the
existence of a bar component increases the scatter or the pseudobulge does not correlate with
the black hole mass.
Overall, I found no improvement of the intrinsic scatter for the Mbh–L relation by using
higher quality data which may indicate that I have reached the physical limit to which one
can constrain the Mbh–L relation.
Using the same sample of galaxies I failed to find a clear Mbh–n correlation but I no-
ticed that the Sérsic index can vary significantly from study to study. The available data are
inadequate for deriving accurate outcomes for the different Sérsic index values. The best ex-
planation is that the mismatch arises from the different weighting of pixels during the fit that
each study uses. Further comparison of 1D analysis versus 2D analysis is required to fully
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understand this result (see Chapter 4 ).
In conclusion I have established an Mbh–L relation based on GALFIT3 2D profiling of NIR
data which I will apply to the GAMA elliptical dataset (Chapter 6).
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The GAMA Mbh–L,σ derived supermassive black
hole mass function
In Chapter 3 I presented a SMBH mass function of early- and late-type galaxies in the local
Universe based on the MGC Catalogue. In this Chapter I will reproduce the local SMBH
mass function by employing the same method I used in Chapter 3 for a sample of elliptical
galaxies extracted from the GAMA Catalogue. For this purpose I will apply my new Mbh–L
(Equation 5.8) relation derived in Chapter 5 and the Mbh–σ relation from Gültekin et al.
(2009b) on the GAMA elliptical subsample. A particular strength of this study is that this
is the first time the methodology (i.e., GALFIT3) used to define the Mbh–L relation has also
been applied to the target data (GAMA). Previous estimates based on the MGC used relations
constructed using 1D methods to predict SMBH masses derived from 2D fitting. As has been
shown in the previous chapter 1D and 2D fitting do not provide the same result.
A cosmology of ΩΛ = 0.7, Ωm = 0.3 and H0 = 70 h70km s−1 Mpc−1 is adopted throughout
this Chapter. The GAMA magnitudes have been converted from the AB magnitude system to
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Figure 6.1: GAMA subsample of 10652 galaxies restricted by magnitude mr < 19.4 mag and redshift
0.013 < z < 0.1. Left Panel: (NUV - r) colour versus Sérsic index. Right panel: (u-r) colour versus
Sérsic index.
the Vega magnitude system (ABK-VegaK=1.90; Hill et al. 2010b, Table 1).
6.1 Sample selection
At the current stage of the GAMA project, a single Sérsic fit has been performed to all the
galaxies brighter than mr > 22mag in all the available passbands (Kelvin et al. in prepara-
tion). In contrast to the MGC SMBH mass function, the GAMA SMBH mass function will be
based only on elliptical galaxies and not on early- and late- type galaxies as I did with the
MGC sample. One of the future plans for GAMA is to decompose disk galaxies and measure
bulge and disk parameters but currently only total magnitudes are available. Magnitudes in
this Chapter use near-IR photometry (K-band) instead of the optical photometry (B-band) in
Chapter 3.
The selection of the elliptical galaxies is based on visual inspection of all systems with the
k-corrected (NUV−r)z=0 > 3.5mag or n > 2 in the redshift range of 0.013 < z < 0.1. In Fig-
ure 6.1, I present the GAMA sample limited by redshift 0.013< z < 0.11 and mr < 19.4 mag.
In this figure, the (NUV−r) colour appears to be a better indicator than the (u−r) colour that
was used in Chapter 3 for separating early- and late-type galaxies. The two distinct popula-
1At redshifts below z < 0.013 peculiar velocities can be a significant fraction of the measured recessional velocity
which can lead to distance errors.
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Figure 6.2: The absolute magnitude versus redshift for the elliptical sample. The red horizontal line
indicates the faint magnitude limit I use for fitting the Schechter function. Fainter than MK = −20.6
mag the sample is incomplete due to selection effects.
tions are indicated with a cross. Additionally to the use of the colour and Sérsic index indica-
tors I further selected my sample by visually inspecting all the galaxies with (NUV−r)z=0 > 3.5
mag or n> 2. As the characterisation of a galaxy type depends on the perspective of each per-
son other members of the GAMA project repeated the same visual inspection. Repeating this
procedure with different people ensures a higher standard of classification and higher quality
of data. We defined some standard rules for rejecting or accepting galaxies. Some of these
rules were to remove galaxies with spiral arms, galaxies with a disk component, galaxies that
are merging and very small blue sources.
After visually inspecting more than 5000 images a sample of 1817 elliptical galaxies re-
mained (r.f. ,Chapter 3 sample consisted only of 564 elliptical galaxies). For these 1817 ellip-
tical galaxies I extracted2 the following parameters: total K-band Sérsic apparent magnitude,
redshift, k-corrections, magnitude extinction and distance modulus using H0 = 70(km/s)/Mpc.
Finally, I converted the apparent magnitudes from the AB system to the Vega system (ABK-
VegaK=1.90) and estimated the absolute magnitude for the 1794 galaxies for which a Sérsic
apparent magnitude was available.
In addition to the luminosity, I extracted the velocity dispersion and the uncertainty on this
parameter for 1564 galaxies (of 1794), of which 1110 measurements originated from SDSS
2From the GAMA catalogue catgama_v6
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Figure 6.3: A comparison of SMBH masses derived from the Mbh–σ relation versus the Mbh–L relation.
Galaxies less luminous than MK = −20.8 mag or with velocity dispersion < 70km s−1 (indicated with
dashed vertical and horizontal lines, respectively) are less reliable. The "left" error bars show the
average uncertainties on the masses derived from of the intrinsic scatters of the Mbh–L,σ relations and
the "right" errors shows those derived from the errors on the luminosities and the median error of a
median σ value (see Section 6.2.1). The solid line indicates the 1-1 relation
catalogue and 454 measurements that originated from the GAMA GANDALF analysis currently
underway at Portsmouth University. As 230 galaxies have no measurable velocity dispersions
these sources were removed from the sample I used to calculate the Mbh–σ relation. The
454 measurements originated from GAMA are a product of an experimental version of the
GANDALF pipeline and the final version of the velocity catalogue may differ. For the purpose
of this thesis I assume that the velocity dispersion are correct but I acknowledge that the
values may change. I chose to use and show the results of both the magnitude and the
velocity dispersion in order to indicate the possible uncertainty introduced by using only the
Mbh–L relation.
Figure 6.2 shows the absolute K-band Sérsic magnitude versus redshift for the sample
of 1817 elliptical galaxies. Due to the apparent magnitude cut in r-band (mr < 19.4 mag)
the sample is incomplete for galaxies fainter than MK > −20.8 mag. Above this limit the
sample corresponds to a volume of 3 108 h370 Mpc
−3 The faintest magnitude for which the
elliptical sample is complete (MK = −20.8 mag) corresponds to log(Mbh/M) = 7. Likewise
for the Mbh–σ dataset, velocity dispersion values with σ < 70km s
−1 (which corresponds to
104
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Figure 6.4: The difference of the Mbh estimations based on the two independent relations (Mbh–L,
Mbh–σ) versus the signal to noise ratio for the GAMA spectrum.
log(Mbh/M) = 6.5) are characterised by high uncertainty. This is because the spectrograph
is unable to provide accurate measurements for galaxies with velocity dispersions below this
limit. These galaxies have either a signal-to-noise ratio that is too low to measure accurate
velocity dispersions, or their velocity dispersions are below the spectroscopic limit.
6.2 The Mbh–L,σ relations
In Chapter 5 I constructed the Mbh–L relation in the near-IR using 14 elliptical galaxies for
which SMBH masses were fully constrained, to find the best-fit relation:
log(Mbh/M) = − 0.42(± 0.06)(MK+ 22) + 7.5(± 0.15)
with an intrinsic scatter of 0.31+0.087−0.047 dex in log Mbh. For constructing the relation, K-band
galaxies were selected from UKIDSS and their magnitudes were estimated using GALFIT3.
The intention was to derive the Mbh–L relation using the same high quality NIR data as
the GAMA survey and using the same methods that were applied to the GAMA survey (As
described in Section 6.1).
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The Mbh–σ relation for elliptical galaxies was taken from Gültekin et al. (2009b):
log(Mbh/M) = 8.23(±0.084) + 3.96(±0.421)(log(σ/200kms−1) (6.1)
with a comparable intrinsic scatter of (0.31± 0.063) dex. Gültekin et al. (2009b) have the
Mbh–σ relation derived from a sample of 25 elliptical galaxies with constrained Mbh and 2
elliptical galaxies with an upper limit in their Mbh measurement.
6.2.1 Masses from Mbh–L versus masses from Mbh–σ
In Figure 6.3 I directly compare the SMBH masses derived for each galaxy using the two
independent methods (Mbh–L and Mbh–σ). A strong correlation between the two BH mass
estimates is seen at the high-mass end. However, the correlation becomes weaker at the lower
mass end. At this point I should remind the reader that SMBH masses smaller than 106.5 solar
masses, derived with the Mbh–σ, are an estimation and should not be trusted. Similarly, SMBH
masses, derived with the Mbh–L, smaller then 10
7 solar masses should be treated carefully as
well.
The main errors of the Mbh measurements shown in Figure 6.3 originate from the magni-
tude uncertainties, the velocity dispersion uncertainties and the intrinsic scatter of the corre-
lations. In more detail, Equation (5.8) implies that the typical luminosity error of ±0.05 mag
corresponds to a mass error of ±0.02 dex. The internal scatter of the Mbh–L, however, is
±0.31 dex. The velocity dispersion has a typical measurement error of ±7% for the elliptical
sample, while the internal scatter of the Mbh–σ is ±0.31 dex (Gültekin et al. 2009b).
Finally, I note that the Mbh–σ relation systematically gives smaller SMBH masses com-
pared to the Mbh–L masses. A possible reason why the σ predictor does not give the same
Mbh as the L predictor is because the Mbh–σ, L relations has been obtained from different cal-
ibrators. Once again it is also worth highlighting that the Mbh–L relation is based on very high
signal to noise ratio measurements. Whereas the velocity dispersions for the GAMA galaxies
are measured at low signal to noise ratio through a fibre whose aperture may not always
encompass the full galaxy.
Additionally, both Mbh–L and Mbh–σ relations are calibrated from massive SMBH. The
Mbh–L is the best fit of 14 elliptical galaxies with MK ≤ −20.3mag, which means that the
faintest galaxy in that sample has a SMBH with mass equal to log(Mbh/M)=6.9. Similarly the
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Table 6.1: SMBH mass function data points for the GAMA elliptical sample. Column (1): mass in-
tervals; Column (2): SMBH mass function derived with the use of Mbh–L relation; Column (3) SMBH
mass function derived with the use of Mbh–σ relation; The data points are presented in Figure 6.5.
The uncertainties given are the 1σ values derived from the Monte Carlo simulations.
log10 Mbh φ [10
−4 h370 Mpc−3 dex−1]
[M] Mbh− L Mbh−σ
5.50 0.00+0.00−0.00 1.11+0.29−0.58
5.75 0.05+0.05−0.05 1.40+0.19−0.34
6.00 0.10+0.43−0.05 1.78+0.58−0.34
6.25 0.43+0.34−0.39 2.85+0.29−0.39
6.50 0.82+0.58−0.48 3.62+0.39−0.29
6.75 1.64+1.54−0.72 5.07+0.96−0.63
7.00 3.96+1.54−1.88 8.25+0.48−0.77
7.25 7.67+0.72−2.03 9.50+0.53−0.53
7.50 11.67+0.58−1.06 11.05+0.67−0.68
7.75 15.58+1.16−1.55 9.60+1.16−0.72
8.00 16.74+3.28−2.22 8.92+1.11−1.01
8.25 13.56+2.51−1.93 5.98+0.87−0.82
8.50 9.74+1.11−0.82 2.65+0.53−0.72
8.75 3.96+0.53−1.54 0.92+0.39−0.34
9.00 0.19+0.58−0.05 0.10+0.14−0.05
9.25 0.00+0.05−0.00 0.00+0.05−0.00
lowest velocity dispersion used for constructing the Mbh–σ was 75kms
−1 which corresponds
to log(Mbh/M) = 6.53. In summary, as both methods are biased towards observations of
massive SMBHs, they may be biased when estimating Mbh smaller than 10
7M.
6.3 The GAMA SMBH mass function via Mbh–L,σ
In this Section I will briefly describe the method I used to derive the SMBH mass function.
The analytic procedure of the Monte Carlo simulations has been explained in Chapter 3.
In order to derive the SMBH mass function I estimated individual black hole masses for
each galaxy using both equations 5.8 and 6.1. These estimates have three sources of error.
The first is the uncertainty on the parameters defining equations 5.8 and 6.1. The second
source of error is the uncertainty in estimating the spheroid magnitude measurements or the
velocity dispersion. Finally, both relations have significant internal scatter. To model these
errors appropriately I ran a series of 10001 Monte Carlo simulations and randomly modified
3The lowest velocity dispersion (75kms−1) in the Gültekin et al. (2009b) elliptical sample comes from the NGC221
galaxy which has been found to host a disk (See Section 4.2.2). The actual lowest σ value (111kms−1) that
corresponds to an elliptical galaxy in their sample is for NGC4486A.
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Table 6.2: Results of a three-parameter Schechter function fit to the SMBH mass function derived both
from the Mbh–L and Mbh–σ relations. The uncertainties on the parameters were derived from Monte
Carlo simulations (see text for details).
No. of logφ∗ log(M∗/M) α
galaxies h370Mpc
−3dex−1
Mbh–L 1794 -2.78
+0.06−0.13 8.17+0.17−0.10 -0.18+0.38−0.28
Mbh–σ 1564 -3.19
+0.06−0.07 8.24+0.07−0.07 -0.67+0.07−0.07
each of the SMBH masses according to their three errors. I estimated the value and 1σ error
of any given quantity of interest by calculating that quantity 10001 times and determining
the median and 68 percentile range (one standard deviations) of the resulting distribution,
respectively.
In addition to these three uncertainties, I further perturbed each SMBH mass during the
construction of the Mbh–L mass function according to the covariance of α and β parameters
of Equation 5.8. I measured this covariance from the 1001 sets of α and β values derived
during the Monte Carlo analysis of the Mbh–L relation (Chapter 5).
After that the sample was then volume corrected. As the GAMA sample is complete within
the specified absolute magnitude (MK < −20.8 mag) and redshift (0.013 < z < 0.1) bound-
aries, it was not necessary to weight each galaxy by its luminosity (unlike the MGC sample).
The space-density weight, W , for each galaxy is constant and equal to 1/Vsurve y , where Vsurve y
is the volume of the GAMA survey between 0.013< z < 0.1.
The value of the SMBH mass function at mass Mbh is the sum of the weights of all ellipticals
within the interval [Mbh, Mbh+ dMbh]:
φ(Mbh) =
∑
[M ,M+dM]
W (6.2)
In Figure 6.5 I show the SMBH mass function and its error bars as determined from the Monte
Carlo process described above and using equation 5.8 and 6.1. In each panel of Figure 6.5
the solid line represents the best fit of a three-parameter (M∗,φ∗,α) Schechter-like function
(Equation 3.3) over the mass range 107 < Mbh/M < 109 for the Mbh–L mass function and
106.5 < Mbh/M < 109 for the Mbh–σ mass function. The grey shaded region represents the
uncertainty of the fit while the error bar represents the uncertainty of the point. The best fit
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parameters for both the Mbh–L and the Mbh–σ SMBH mass function are given in Table 6.2.
Each of these two methods (Mbh–L, Mbh–σ) has its own strength and weaknesses. How-
ever, for the purpose of this study the Mbh–L provides the most accurate measurements. This
is because both the Mbh–L relation and the GAMA magnitudes have been based on high to
signal to noise data and measured with the same technique. Whereas the σ values of the
Mbh–σ relation (Gültekin et al. 2009b), the SDSS σ values and the GAMA σ values have
been measured with different techniques. In addition to the different techniques, the GAMA
data have low signal to noise ratio which amplify further the mismatch of the derived Mbh
(Figure 6.4).
6.3.1 The local SMBH mass density
Next, I calculated the SMBH mass density by integrating the SMBH mass function over the
mass range probed by the data (see Section 3.3.1 for more details). The densities are given
in Table 6.3. By integrating the mass functions over all masses, 100 < Mbh/M < 1011, I
derived the ρbh,0= 6.48(3.05) ×105h370MMpc−3, where the number in parentheses refers
to the Mbh −σ method. All the densities derived from the Mbh–σ mass function have been
increased by 15% due to the incompleteness. This incompleteness is mainly the results of low
signal-to-noise spectrum (See Figure 6.4).
Finally, I estimated the cosmological density parameter Ωbh = ρbh,0/ρcrit and the baryon
fraction locked in the SMBH assuming that SMBHs form via the accretion of baryons alone
(Shankar et al. 2004). Accepting that 4.5 h−270 per cent of the critical density (Tegmark et al.
2006) are baryons I find that (0.01±0.0006)h370 per cent of the total baryons in the Universe
are in SMBHs (using the Mbh–L relation). Using the ρbh,0 derived from the Mbh −σ SMBH
mass function, I find that this fraction decreases to (0.0049 ± 0.001)h370 per cent. These
densities are consistent with the values reported in Chapter 3.
6.4 Discussion and comparison to semi-analytic models
Figure 6.6 compares the MGC, GAMA and semi-analytic model estimates of the SMBH mass
function. The shaded grey region represents the GAMA Mbh–L one sigma uncertainty of the
fit as tabulated in Table 6.2. The blue points represent the GAMA Mbh–L mass function and
the red points the MGC mass function. The black points and the curves have been derived
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Figure 6.5: The black data points show the SMBH mass function of the GAMA elliptical sample.
The error bars were derived from Monte Carlo simulations. The black line indicates the best fit of the
Schechter function. The grey shaded region represents the one sigma uncertainty of Schechter function
fit. The lower panel presents the Mbh–σ mass function. The dashed vertical lines at log(Mbh/M) =
7 and 6.5 indicate the reliability limit for the Mbh–L and Mbh–σ respectively. The functional fits use only
the reliable data above this limit. The red points show the MGC mass function derived in Chapter 3.
Note that the Mbh–L SMBH mass function is constructed from 1794 elliptical galaxies, the Mbh–L BHMF
from 1594 elliptical galaxies and the MGC SMBH mass function from 1431 early type galaxies.
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Table 6.3: SMBH mass densities for elliptical galaxies as derived from the Mbh–L and the Mbh − σ
relations. The difference in the number of elliptical galaxies is due to the lack of velocity dispersion
measurements for a part of the elliptical sample. Due to the incompleteness of the sample the density
values have been increased by a 15%.
Mbh–L Mbh–σ
No. of galaxies 1794 1564
ρbh [105h370MMpc−3] 6.35+0.38−0.39 3.05+0.51−0.52
Ωbh [10−6h70] 4.7+0.28−0.28 2.2+0.48−0.49
baryon fraction (0.01± 0.0006)h370 (0.0049± 0.001)h370
from the semi-analytic model presented in Croton et al. (2006), where the black points show
the model predicted SMBH mass function at redshift zero and the lines show the evolution
of the predicted SMBH mass function with redshift. In particular, the solid line is the SMBH
mass function at redshift 0.51, the dashed line at redshift 0.99 and finally the dashed dotted
line at redshift 2.07.
The semi-analytic SMBH mass function is based on a similar galaxy selection as the one
applied to the GAMA sample. In more detail, galaxies with MK fainter than −20.8 mag, Mbh
smaller than 105M, and bulge to total stellar mass smaller than 0.9 have been excluded.
In Chapter 3 I found that the SMBH mass function appeared to have a turnover when
log(Mbh/M)< 7.75. That turnover emerged at the faint end of the SMBH mass function but
due to the trust limit at log(Mbh/M)=7.67 I was unable to justify whether that turnover was
artificial or not. Repeating the SMBH mass function construction in near-IR with GAMA data I
found again the same shape in the SMBH mass function. This time there was a clear evidence
for a turnover in the SMBH mass function when log(Mbh/M) < 7.75. As the GAMA survey
trust limit extends to smaller mass (log(Mbh/M)=7.0) I can report that the black hole mass
function declines at the faint end.
Overall, the model provides a weak match to the empirical SMBH mass functions. All
estimates, MGC -GAMA -model, produce the same peak close to log(Mbh/M)=8 and also
decline for smaller SMBH masses. However, in the model a bi-modal shape appears which is
absent in the empirical estimations and the model peaks at a lower density value compared to
the empirical SMBH mass functions. A possible explanation of the bi-modality could be that it
is produced by the two separate SMBH growth methods used in the model. The first method
is the "quasar mode" which represents the black hole growth through the merging process,
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while the second is the "radio mode" which increases the black hole’s mass through accretion.
Additionally, I can notice that the model produces a larger number of "intermediate" black
holes in the mass regime 7 < log(Mbh/M) < 5.5, but as shown in Figure 6.6 these values
are inside the uncertainty limits. The mismatch between the model SMBH mass function
and the GAMA empirical SMBH mass functions in this low mass regime is not unexpected
as the GAMA SMBH mass functions at the faint end are only indicating a lower limit due to
magnitude incompleteness.
However, the lower left part of Figure 6.6 shows that the model SMBH mass function over
predicts ultra massive black holes. There is a discussion in the literature about whether there
is an upper limit in the mass of SMBH (e.g. Natarajan & Treister 2009). The research of these
ultra massive black holes in the local Universe focuses mainly on bright elliptical galaxies
hosted in clusters. The environmental conditions in a cluster have the potential, due to higher
rate of merging events, to create ultra massive black holes with mass up to 1010M (Yoo et al.
2007). But observations reveal that SMBHs in the brightest galaxies are not reaching the limit
of 1010M (Dalla Bontà et al. 2009; Shen & Gebhardt 2010).
Furthermore, an interesting outcome that arises from the comparison of the model evo-
lution with the local SMBH mass function is that the model evolution with redshift predom-
inantly affects the high-mass end of the mass function. The high-mass end shows a stronger
redshift evolution while the number of low-mass BHs remains almost constant. Also, the
model SMBH mass function peaks, at redshift 2, are equally dense. These outputs are possibly
the result of the contribution of each "mode" at different redshifts. Croton et al. (2006, Figure
3) shows that the "quasar mode" dominates the SMBH growth since redshift 2. Meanwhile for
z≤2 the "radio mode" growth of the SMBH reaches it maximum value. A possible explanation
is that up to redshift 2 the number of SMBHs increases with the merging process homoge-
neously in all the mass bins. Whilst at smaller redshift the "radio mode" leads to an increase
of the number of massive SMBHs.
Another prominent part of Figure 6.6 is that the MGC SMBH mass functions exceeds the
GAMA SMBH mass functions at high masses. MGC black hole mass function indicates a larger
number of SMBH with high mass in the local Universe. The MGC survey predicts a maximum
black hole mass of 2.2× 109M, GAMA 1.5× 109M. In the GAMA elliptical dataset 0.4%
of the galaxies have SMBH mass over 109M while in MGC early-type galaxies are increasing
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to 2.5%. This difference could be the result of AGN contamination in MGC survey. Active
galaxies have extra flux due to emission produced during the accretion of mass onto the
SMBH. However, the empirical correlations have been established by only using galaxy flux
from stellar sources and by extracting the extra flux of the AGN. The use of the AGN flux
would lead to an overestimation of the Mbh.
Also, I should remind that the MGC black hole mass function shown in Figure 6.6 is the
early mass function constructed with the use of early galaxies (elliptical and early-type disk
galaxies). On the other hand, GAMA SMBH mass functions have been constructed only from
the elliptical subsample of galaxies. So, even if elliptical galaxies are the main population of
galaxies that host massive black holes, the GAMA mass function lacks the massive black holes
found in bulge dominant galaxies. Thus, the GAMA mass function is anticipated to have lower
value at the high mass end.
In this study I derived four estimations of the redshift zero black hole mass density. In
Chapter 3 I applied the Mbh–LB on early type galaxies and I derived (3.8±0.6)×105MM pc−3.
When I used the dust corrected B-band magnitudes I derived (6.5 ± 1.2) × 105MM pc−3.
In this Chapter using both the Mbh–LK and Mbh–σ I found (6.35
+0.38−0.39)× 105MM pc−3 and
(3.05+0.51−0.52) × 105MM pc−3 respectively. MGC and GAMA densities derived from the lumi-
nosities are consistent with each other, the B-band magnitude density has the lower value
because of the effect of the dust attenuation while the K-band density and the dust cor-
rected measurement have the highest densities. However, the model predicts a lower red-
shift zero density compared to the MGC-GAMA densities; their estimations are 3.04(2.07),
2.47(1.44), 1.94(0.95), 0.95(0.30) ×105MM pc−3 for redshift equal to 0.0, 0.51, 0.99, 2.07
respectively, where the number in parentheses refer to the selection used for constructing the
SMBH mass function presented in Figure 6.6. The lower density value that the model mea-
sures at redshift zero is a direct result of the lower model SMBH mass function values at the
9< log(Mbh/M) < 7 mass regime.
Besides elliptical galaxies, SMBHs also exist in lenticular galaxies and late type galaxies
with classical bulges. Consequently, the SMBH mass density estimated in this Chapter is an
accurate measurement for elliptical galaxies, but a lower limit of the overall SMBH mass
density. Shankar et al. (2009b) presented a summary of local mass densities with values
ranging between ρbh = 3.2 and 5.4× 105MM pc−3. The analysis within this thesis shows
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that the ρbh at redshift zero is slightly higher than previous measurements.
Adopting the belief that SMBH masses were accumulated by radiative accretion of baryon
gas during their AGN phases, I investigated the fraction of baryons that end up in SMBHs.
Within the reliability limits of this study the percentage of baryons in SMBHs of elliptical
galaxies is (0.01 ± 0.0006)h370 (GAMA luminosity measurements), which is in agreement,
within the uncertainty, with the MGC fraction (0.008± 0.002)h370 per cent. The baryon frac-
tion derived from the Mbh–σ analysis is equal to (0.005± 0.001)h370 per cent. I found that
the Mbh–σ analysis gives systematically smaller densities.
Semi-analytic models can contribute to the understanding of galaxy formation by predict-
ing the evolution of galaxies with redshift. These models use sets of observational results to
define the physical processes combined in the simulations. Two of the physical processes that
are used are the SMBH growth and AGN feedback. One product of this semi-analytic model is
the SMBH mass function. However, the model SMBH mass function presented in Figure 6.6 is
deficient to match the observed SMBH mass functions e.g. simulations show bi-modality that
is not found on the empirical SMBH mass functions.
The observational SMBH mass functions presented in this thesis are accurate measure-
ments of the local SMBH mass function. This SMBH mass function provides simulations with
an additional constraint at redshift zero which can impact and limit low redshift SMBH ac-
cretion. The empirical SMBH mass function can help to improve semi-analytic models by
constraining the used AGN feedback models and/or the merging rates.
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Figure 6.6: A summary of SMBH mass functions. The grey shaded region represent the Mbh–L GAMA
SMBH best fit. The data points show the zero redshift SMBH mass function (blue points: Mbh–L GAMA;
red circles:MGC; black circles connected with lines: Croton et al. (2006) ). The curves are from Croton
et al. (2006) and reveal the evolution of the SMBH mass functions (solid line: z=0.51; dashed line:
z=0.99; dashed dotted line: z=2.07). The dashed vertical line at log(Mbh/M) = 7.0 indicates the
reliability limit of the Mbh–L SMBH mass function.
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7
Summary and Future Work
At the introduction of this thesis, an overview of our current understanding of the supermas-
sive black holes (SMBHs) was presented, and it was suggested that the study of the SMBH
mass function at redshift zero was important for improving our understanding of the co-
evolution of the SMBH with the host galaxy.
In this Chapter, I will outline the main results presented in this thesis (Section 7.1), and I
will provide an overview of the future research building on this work (Section 7.2).
7.1 Results
In the end of the previous Chapters (3,4,5,6) I presented the detailed results of this thesis.
The main results are summarised here:
1. I estimated SMBH masses for a sample of 1743 galaxies extracted from the Millen-
nium Galaxy Catalogue using the Mbh–L relation. These masses where then used for
constructing the SMBH mass function at redshift zero. The comparison to other pub-
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lished data showed that the MGC data appears to consistently drop-off or decline in
the space-density of SMBHs towards lower masses. Although this decline lies below
what I considered to be a reliable limit (< 107 M) of the MGC dataset, it most likely
arises from the empirical approach I used. Essentially, the SMBH mass function declines
because the spheroid luminosity function declines.
2. Within the limits of reliability the contribution of the SMBH mass function to the total
cosmic SMBH density budget is sharply peaked. Integrating over the best fit mass func-
tion I obtained a total SMBH mass density of ρbh = (4.90 ± 0.7) × 105 h370MMpc−3
and a cosmological SMBH density of Ωbh = (3.7 ± 0.7) × 10−6 h70. This implies that
(0.008± 0.002)h370 per cent of the Universe’s baryons are contained in SMBHs.
3. For a sample of 29 galaxies for which SMBH masses are constrained I used GALFIT3 to
produce 2D surface-brightness photometry. The 29 images were observed in K-passband
and were taken by WFCAM as part of the UKIDSS-LAS. For each galaxy I carefully mod-
elled all the components and derived estimates of the various structural parameters. I
provided new estimations of the galaxy component luminosities and light profile shapes
along with a concise discussion about the properties found from previous studies.
4. I used 25 elliptical and disc galaxies (of 29) to derive the Mbh–L relation. Using the
full sample of galaxies the Mbh–L relation was found to have an intrinsic scatter of 0.53
dex. Visually inspecting the Figure 5.1, I found that the NGC4342 galaxy is an obvious
outlier. NGC4342 is a small low-luminosity lenticular galaxy seen edge-on (i = 900).
Excluding NGC4342 galaxy the intrinsic scatter of the Mbh–L reduced to 0.46
+0.08−0.05dex.
5. By excluding the barred galaxies (NGC1068, NGC4258 , NGC4303 and NGC4596) and
the NGC4342 I confirmed a stronger correlation between the central Mbh and its host
galaxy’s spheroid luminosity found from a number of previous studies. Overall, I found
that the scatter of the Mbh–L relation is much larger when I include bar galaxies, some
of which have active nuclei. By modelling the bar and/or masking the active nucleus of
a galaxy I add further uncertainty in the bulge measurement. A bar component removes
flux from the bulge while an active nucleus adds flux.
6. The concept that pseudobulges follow a distinct Mbh–L relation has been tested. Having
a small number of pseudobulges (four: NGC1068, NGC4258, NGC4303 and NGC4342)
in my sample the only result I could confirm is a scatter increase when pseudobulges
118
7.1. Results
are included. But three of four pseudobulges in my sample also contain a bar. This fact
complicates the outcome because I can not be sure if the existence of a bar component
increases the scatter or the pseudobulge does not correlate with the black hole mass.
7. Overall, I found no improvement of the intrinsic scatter for the Mbh–L relation by using
higher quality data which may indicate that I have reached the physical limit to which
one can constrain the Mbh–L relation.
8. Using the same sample of galaxies I failed to reproduce a clear Mbh–n correlation. I
found that the Sérsic index can vary significantly from study to study especially in the
case that different photometric analysis has been performed on the galaxy (1D - 2D).
The available data are inadequate for deriving accurate outcomes for the different Sérsic
index values. However, the Mbh–n relation is no longer clearly apparent in the 2D
analysis of the high quality near-IR data. There are some possible explanations for
what caused this mismatch. For instance, the mismatch could be a result of the transfer
from optical to near-IR photometry, the different pixel weighting each study used and
possibly the mismatch arises from the transfer from 1D fitting to 2D fitting.
9. I repeated the SMBH mass function construction in the near-IR with GAMA data. I used
the same methodology as applied to the MGC dataset but this time I used the new Mbh–
L relation and the Gültekin et al. (2009b) Mbh–σ relation. However, for the purpose
of this study I argued that the Mbh–L provides more accurate measurements but I also
presented the Mbh–σ results for comparison. The GAMA Mbh–L mass function appeared
to have the same shape as in the case of the MGC mass function. This time there was a
clear evidence for a turnover in the SMBH mass function when log(Mbh/M)< 7.75. As
the GAMA survey trust limit extends to smaller mass (log(Mbh/M)=7.0) I could report
that the black hole mass function declines at the faint end.
10. In this study I derived four estimations of the redshift zero black hole mass density.
First, I applied the Mbh–LB to early type galaxies subtracted from the MGC catalogue
and I derived (3.8± 0.6)× 105MM pc−3. Secondly, I used the dust corrected B-band
magnitudes on the same sample and I derived (6.5±1.2)×105MM pc−3. Thirdly, I used
my new modified Mbh–LK relation on a GAMA sample of elliptical galaxies and I found
(6.35+0.38−0.39)× 105MM pc−3. Finally, I applied the Mbh–σ on the same GAMA sample
and I derived a mass density equal to (3.05+0.51−0.52) × 105MM pc−3. MGC and GAMA
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densities derived from the B-band dust-corrected luminosities and K-band luminosities
are consistent with each other. The B-band magnitude gives a lower ρbh,0 because
of the effect of dust attenuation, the K-band density has the median value because a
small amount of dust absorption is still present in near-IR data. The dust corrected
measurement has the highest density. The analysis within this thesis shows that the ρbh
at redshift zero is slightly higher than found from previous measurements.
11. Adopting the belief that SMBH masses are baryonic derived via the accumulation of
radiative accretion I investigated the fraction of baryons that end up in SMBHs. Within
the reliability limits of this study the percentage of baryons in SMBHs of elliptical galax-
ies is (0.0100± 0.0006)h370 (GAMA luminosity measurements), which is in agreement,
within the uncertainty, with the MGC fraction (0.008± 0.002)h370 per cent. The baryon
fraction derived from the Mbh–σ analysis is equal to (0.005± 0.001)h370 per cent.
12. From the comparison of the semi-analytic model evolution with the local SMBH mass
function, presented in Figure 6.6, I found that since redshift 2 the high mass end of
the SMBH mass function predicted to have had a strong redshift evolution. Meanwhile,
the number of low mass BHs remains almost constant. The same figure showed that at
redshift 2 the number of SMBHs that has been growing through the merging process is
almost the same, both high and low mass intervals.
However, at smaller redshift the "radio mode" leads to an increase of the number of mas-
sive SMBHs. The main challenge to the evolutionary model leading to the model SMBH
mass function is that it predicts a bimodal mass distribution which does not appears on
the empirical SMBH mass functions. The local SMBH mass functions estimated in this
thesis can provide an extra constraint for the simulations which might impact and limit
low redshift SMBH accretion.
7.2 Future work
In this section, I discuss some additional research that would improve this work.
7.2.1 Populating the Mbh–L relation
The method that has been used broadly for measuring SMBH masses for active galaxies is the
reverberation mapping which observes the emission line signal from the broad line region.
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Table 7.1: Galaxy Sample; Column(1): Galaxy name; Column(2) and (3): equatorial coordi-
nates (J2000); Column(4) and (5): B-Band and K-Band magnitudes from the SIMBAD Astronomical
Database; Column(6): Hubble type from NED; Column(7): Distance ; Column(8): Activity
Galaxy RA DEC B K Type Distance Activity
Name (J2000) (J2000) (mag) (mag) (Mpc)
(1) (2) (3) (4) (5) (6) (7) (8)
NGC1194 03 03 49.10 ?01 06 13.47 14.7 9.76 SA0 52 Seyfert 1
NGC2273 06 50 08.65 +60 50 44.8 12.5 8.48 SB(r)a 26 Seyfert 2
UGC3789 07 19 30.94 +59 21 18.31 13.3 9.51 (R)SA(r)ab 50 Seyfert 2
NGC2960 09 40 36.46 +03 34 36.6 13.6 9.78 Sa 71 Seyfert 3
NGC4388 12 25 46.77 +12 39 43.75 11.76 8.00 SA(s)b 19 Seyfert 2
NGC6264 16 57 16.12 +27 50 58.57 15.5 11.41 S 136 Seyfert 2
NGC6323 17 13 18.03 +43 46 56.74 14.8 10.53 Sab 105 Seyfert 2
Reverberation mapping initially measures a virial mass which then has to be converted into
a black hole mass, this conversion requires the multiplication by a scaling factor f which
is related to the orientation and the geometry of the emitting area. There is debate in the
literature about the value of this factor f , resulting in a variance of the black hole masses
measured by this method.
Over the past decade, there has been progress in another promising method of mea-
suring SMBH masses in active galaxies, the water megamaser method. Recently Kuo et al.
(2011) measured Mbh for seven nearby active galaxies and populated further the 10
6 <
log(Mbh/M) < 107 mass interval. This mass interval is the one that mostly increases the
intrinsic scatter in the empirical Mbh–L correlation. Further populating this interval with ad-
ditional galaxies will help to discover if we can further constrain the Mbh–L correlation.
Table 7.1 shows the sample of seven galaxies for which their Mbh has been measured with
the water megamaser method. For six of seven galaxies in the Kuo et al. (2011) sample, the
Mbh measurements are unique as other methods can not be applied to these galaxies. All
galaxies are nearby and late type. While, their masses have been measured with images and
kinematics of water maser emission with the Very Long Baseline Interferometry. Obtaining
near-IR photometry for these six galaxies and including them in the construction of the Mbh–
L relation would be a further refinement of the Mbh–L relation.
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7.2.2 Exploring the dependance of the photometric properties with the fitting
analysis
In Chapter 5 I found that the Mbh–n correlation could not be reproduced. The breakdown of
the Mbh–n correlation arises mainly from bright elliptical galaxies for which their 1D Sérsic
indices are larger than∼ 5 and their 2D Sérsic indices are close to or less than 5. Further work
is required to investigate what causes this mismatch of Sérsic indices and the breakdown of
the Mbh–n relation.
During the individual fitting of each galaxy I found that the value of the Sérsic index
depends strongly on the percentage of the area that is fitted. Typically the Sérsic function can
fit 90-98% of the surface brightness of an elliptical galaxy. The area that is often most difficult
to be fitted is the center of an elliptical galaxy, especially when it is featured by a core (less
flux that what a Sérsic function would predict). This problem is usually solved either by fitting
the central area with an additional function or by masking the core of the galaxy. However,
the Sérsic index can vary significantly by changing the size of the masked area whereas the
total magnitude of the galaxy remains almost constant. That has as a result that the Sérsic
indices found in the literature for a galaxy can vary significantly from study to study.
This discrepancy between the 1D and 2D Sérsic indices could be investigated in two ways.
The first approach would be to apply 1D on the 14 elliptical galaxies of the Chapter 4 sample
and compare the 1D results with the GALFIT3 products. However, that kind of comparison
would be limited to a small sample of galaxies and would therefore make a comparison of the
photometric fitting methods difficult.
The second approach would be to explore the photometric properties (i.e. magnitude,
effective radius and Sérsic index) derived from 1D and 2D fits for a larger sample (e.g. a
few hundred) of elliptical galaxies from the GAMA dataset. For these galaxies a single Sérsic
fit with GALFIT3 would already exist (Kelvin et al in preparation) both in optical and near-
IR passbands. That comparison could go a step further and investigate the reason for this
discrepancy. Identify which percentage of elliptical galaxies appears to have this mismatch on
the Sérsic index and study their characteristics. Examine the central residual structure that
these elliptical galaxies have when their isophotal model is subtracted and may try to model
the core with an additional function.
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7.2.3 GAMA SMBH mass function of early and late type galaxies
In Chapter 3 I presented a SMBH mass function of early- and late-type galaxies in the local
Universe based on the MGC Catalogue. In Chapter 6 I reproduced the local SMBH mass
function for a sample of elliptical galaxies extracted from the GAMA Catalogue. Both SMBH
mass functions showed a turn over at the faint end compared to the analytic SMBH mass
functions (Section 3.5).
I claimed that the absence of this turn over in the mass functions from analytic process
is due to assumptions made in previous studies, related to the accuracy to which galaxy type
fractions are known and also the adoption of a constant bulge-to-total luminosity ratio. Addi-
tionally, the shape of the SMBH mass function depends on whether one includes blue bulge
systems or not. Some of the blue bulge systems (potentially pseudo-bulge systems) have been
found to harbour SMBHs but it is not clear whether they follow the same trends as classical
(red) bulges.
An additional test on the shape of the SMBH mass function at the faint end would be to
reproduce the SMBH mass function using a sample of early- and late-type galaxies selected
from the GAMA dataset. That would either verify that the declination is fundamental (low
density of small SMBHs) or a result of pre-selecting elliptical galaxies.
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Log-normal distribution
In Section 3.3 I fitted the empirical SMBH mass function with a three-parameter (M∗,φ∗,α)
Schechter-like function over the mass range 107.75 < Mbh/M < 1010. In this appendix I will
attempt to fit a log-normal distribution function on the same data. The values and results
reported in this appendix illustrate an alternative description to the SMBH mass function but
are not robust to parameterize the observed SMBH mass function. The general form of the
log-normal function can be written as
φ(Mbh) =
1
(Mbh−µ)σp2pi exp
− ln2(Mbh−µθ )
2σ2
 (A.1)
where µ, σ and θ are free parameters. In Figure A.1 I explore the suitability of the log-
normal function to describe the empirical SMBH mass function. In the top panel the log-
normal function shows a good fit when I am assuming that all the data can be trusted
(106.50 < Mbh/M < 109.50) . However, in the lower panel, I fit only the reliable part of
data (107.75 < Mbh/M < 109.50) and I can notice that the function shows a stronger de-
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Figure A.1: The data points in both panels show the SMBH mass function of the full MGC sample as
derived in Chapter 3. The red line is the log-normal distribution function fit.
cline at the low mass end. Neither fit provides an acceptable description of the SMBH mass
function. In the first case because we cannot trust the low mass end points due to MGC faint
bulge measurement unreliability and in the second case because the extrapolation of the fitted
SMBH mass function drops fast. For these reasons I do not provide the fits parameters from
this model.
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GALFIT3 – Background Sky Value
In Chapter 4 I profiled a sample of 29 galaxies by keeping the sky values fixed. In this appendix
I aim to repeat the fit for the full sample. I will employ the same sky value for each galaxy
(Table 4.2, column 4) but this time I will allow GALFIT3 to vary the sky value within the
calculated uncertainties (Table 4.2, column 4). To accomplish the restricted variation of the
sky value I let the sky parameter vary while applying a soft constrain. In each GALFIT3 run I
use an individual constrain file1 which allows the free sky parameter to change within ± 1σ
sky uncertainty.
Figure B.1 shows the individual spheroid magnitude and Sérsic index uncertainty as a
function of the best fit spheroid magnitude and Sérsic index respectively. The best fit spheroid
magnitude and Sérsic index values have been derived in Chapter 4 by keeping the sky value
fixed. The comparison of Figure B.1 and Figure 4.4 shows that the parameter variation is
smaller when I allow the sky value to vary than keeping it fixed in ± 1σ values. In Figure B.1
1The parameter constrain file is an optional setting in GALFIT3 which enables the user to keep parameters fixed
in a restricted range.
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Figure B.1: Uncertainty of the spheroid absolute magnitude and Sérsic index.
I note that a few galaxies show an insignificant parameter variation, that could partially occur
when the GALFIT3 sky value matches with the manual sky value and/or due to the data re-
duction processes applied to the image prior to the GALFIT3 run (see Section 4.1 for details.).
These image reduction processes were necessary for cleaning the images, however they also
created a "smooth" sky with low variations.
An additional reason to not rely on the automated sky estimation (i.e. free sky parameter)
is that GALFIT3 needs 60% of the fitting area to be empty of galaxies and stars. Crowded
images can lead to an overestimation of the background sky value.
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Online resources
[1] - http://www.eso.org/ jliske/mgc/
[2] - http://surveys.roe.ac.uk/wsa/index.html
[3] - http://www.gama-survey.org/
[4] - http://nedwww.ipac.caltech.edu/
[5] - http://sdss.physics.nyu.edu/vagc/
[6] - http://simbad.u-strasbg.fr/simbad/
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